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SUMMARY
The objective of the proposed research is to develop multiwavelength lasers as cost-
efficient sources for broadband optical access networks. Today’s telecommunications net-
works have widely adopted optical fiber as the backbone transmission medium. Optical
fiber systems are promising candidates for the broadband access networks to offer high-
speed and future-proof services. To harness the available bndwidth in fiber and to meet
the ever-growing bandwidth demand, wavelength division multiplexing (WDM) techniques
have been investigated. There have been intense research activities for the creation of new
low-cost laser sources for such emerging applications. In this context, multiwavelength
fiber ring lasers have been significantly investigated as they pr sent many advantages, in-
cluding simple structure, low-cost, and selectable multiwavelength operation.
We propose a new laser system architecture that emits alternte multiwavelength pi-
cosecond pulses operating at room temperature. Optical signal generation is based on
a single active component, an unbalanced Mach-Zehnder interferometer, inserted in an
actively mode-locked erbium-doped fiber ring laser to provide both intensity modulation
and wavelength-selective filtering. Time and frequency controls of the light emission are
reached by inserting an additional modulator and a periodicfilter in the cavity. This ap-





Despite the collapse of the Internet bubble at the beginningof the 21st century, the de-
mand for information technologies did not slow down. In the USA, the Internet penetration
rate, nearly null 10 years ago, was about 68.1% in June 2005 [1] and 40.9 million American
lines reach the Net via a broadband connection [2]. In a similar way, mobile phones rep-
resent a real social phenomenon, as they now rival landline phones in number. The value
of global mobile business reached $414 billion in revenue in2003, a tenfold increase in
the decade since 1993, while over the same period the overallt lecommunications sector
grew by an average of 8.8% to reach $1.1 trillion. According to a recent study published
by Infomedia Telecoms & Media, the number of cell phone subscri ers globally reached
over 2 billion by the end of 2005, about 30% of the world population, and is predicted to
rise to 3.96 billion by 2011 [3].
Furthermore, the quantity of information exchanged keeps increasing drastically. Nowa-
days, multimedia systems transmit not only voice, but they also exchange numerical data,
text, image, video... The multiplicity of communication means - such as videoconference,
the Internet, videophony - has dramatically increased the volume of information exchanged
worldwide.
The current growth of data transmission is facilitated by the advances of laser and fiber
technologies. In the sixties, with the invention of the laser, the idea of using light as an
information carrier emerged. The continuous developmentsof optical components, such as
optical fibers and amplifiers, made light an efficient means of transmitting and delivering
information for backbones and wide area networks. To be deploy d in the access networks,
technologies for high-speed, secure, and scalable networks must be amortized over a small
number of customers. Currently, other technologies have been successfully implemented
as optical access is too costly. However, with the arrival oflower cost mature technologies
1
and the positive experience on optical backbones, optical access networks, in particular
passive optical networks, have shown great interest in the last few years.
To optimize the use of the bandwidth in optical fibers and to satisfy the bandwidth
demand of future networks, multiplexing techniques that consist of merging several com-
munications channels into one have been exploited. The wavelength division multiplexing
(WDM) techniques have shown to unlock the available fiber capaity nd to increase the
performances of broadband optical access networks. One of th essential component is the
creation of new low-cost laser sources. Candidates for such applic tions are multiwave-
length fiber ring lasers as they have simple structure, are low cost, and have a multiwave-
length operation.
The present research investigates such mutliwavelength fiber ring lasers. We present
a new fiber laser source generating multiwavelength picosecond pulses at GHz repetition
rates and the potential applications of multiwavelength sources in broadband optical access
networks.
This document is organized as follows. After this brief introduction, a description of
some relevant backgrounds and optical components is given in Chapter 2. The next chapter
studies current advances in broadband access networks. Chapter 3 briefly summarizes the
general techniques that have already been developed and discusses in detail passive optical
networks. Then, a state of the art regarding existing laser sou ces that are used in such
networks is presented. Chapter 4 introduces the principle ofa new laser architecture emit-
ting alternate multiwavelength picosecond pulses at room te perature at GHz repetition
rates. This original pulse generation is based on a single active component, an unbalanced
Mach-Zehnder interferometer, inserted in an actively mode-l cked erbium-doped fiber ring
laser to provide both intensity modulation and wavelength-selective filtering. The behavior
of this laser is studied theoretically. We report how its mode f operation was numerically
simulated and experimentally verified and evaluated. We present a detailed description of
the design, the development, the building, and the testing of this original laser source. In
2
Chapter 5, we discuss ways to improve the laser design and its performances. Specifi-
cally, time and frequency controls of the light emission aretuned by inserting an additional
conventional modulator and a periodic filter in the cavity. Stabilization of the pulsed laser
source is also made possible by mixing two harmonics of the fundamental cavity frequency
and driving a phase modulator with this signal. In Chapter 6, we introduce a different type
of laser: a continuous-wave multiwavelength fiber ring laser based on semiconductor op-
tical amplifier as gain medium. This laser is then used as a cost-effective light source for
wavelength division multiplexed passive optical networks. The performances of the sys-
tem for downstream signal are experimentally investigated. Finally, Chapter 7 concludes




INTRODUCTION TO FIBER OPTICS COMMUNICATIONS
The idea to use guided light for data transmission appeared 40 years ago with the in-
vention of the laser. Over the past few years, the field of fiberoptics communications has
experienced tremendous growth. This impressive development is due to the crucial break-
throughs that have been achieved in several key domains.
The objective of this chapter is to introduce the fundamentals of optical fibers that
constitute the key element of today’s optical networks. Then, we will focus on two specific
technological advances: optical amplifiers and lasers. Finally, an overview of different
optical pulse generation techniques is provided.
2.1 Fundamentals of optical fibers
Optical fibers transport and guide light. They provide huge bandwidth, low loss rate and
cost-effectiveness. In this section, we will present the basic theory underlying the properties
of optical fibers. We will focus on the optical transmission in this optical waveguide, as well
as the different impairments of a signal when propagating through fiber, namely attenuation,
dispersion, and non-linearities.
2.1.1 Light guide
An optical fiber is a dielectric cylindrical guide that transmits light, as shown in Figure 1.
Fiber is generally made of silica. The fiber consists of a coresurrounded by a cladding
layer, whose refractive index is lower than that of the core.A protective layer, called
coating and usually colored, is employed to protect the fiberm chanically and to prevent
spurious light noise to enter into the fiber.
Considering the refractive indices of the core and the cladding, respectively equal ton1
andn2, we can distinguish two main categories of fibers [4, 5, 6]:
• step-index fiber: both refractive indices are constant withan abrupt change at the
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core-cladding interface and withn1 > n2.
• graded-index fiber:n1 decreases gradually inside the core. The refractive index1 is

















step-index fiber graded-index fiber
Figure 1: Cross-section and refractive index profile for step-index and graded-index fibers.
Light propagates by total internal reflections at the core-cladding interface. Total in-
ternal reflections are lossless. A wave may propagate througthe fiber following many
possible ways: each allowed way is called a mode. More formally, a mode corresponds to
a solution of the wave equation derived from Maxwell’s equations and subject to boundary
conditions imposed by the optical waveguide. The number of mdes actually allowed to
propagate in the fiber is thus a function of the system geometry. In particular depending on
the relative size of the core compared to the considered wavelengthλ, there are two types
of fiber:
• single-mode fiber (SMF): when the size of the core is sufficiently small, only one
mode exists. In standard fibers, the core and the cladding have a diameter of 8-9µm
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and 125µm, respectively.
• multi-mode fiber (MMF): the size of the core is larger (about 50-60µm) and more
than one mode may propagate through the fiber. The advantage of multi-mode fiber
comes from the fact that injection of light into the fiber withlow coupling loss can be
done by using inexpensive, large-area light sources. However, its disadvantage is that
it introduces the phenomenon of inter-modal dispersion. Insuch a fiber, each mode
travels at a different velocity due to different angles of incidence at the core-cladding
boundary. This effect results in a pulse which is spread out in the time domain.
The use of SMF when building a fiber ring laser contributes to its transverse single-
mode functionality and thus to a part of its stability.
2.1.2 Attenuation
As light propagates along a fiber, its power,I , decreases exponentially with distancez,
expressed in kilometers, due to fiber attenuation:







whereαdB(λ) is the fiber attenuation coefficient, expressed in dB/km, at wavelengthλ and
I (0) the optical power at the start of the fiber.
Many effects can lead to attenuation in a fiber: absorption, scattering, and radiative
losses of the optical energy. Absorption losses are caused by impurities in glass material
from residual foreign atomic substances, such as the hydroxl i n OH− or metallic ions
(Cr3+, Fe2+ or Cu2+). Scattering losses, namely Rayleigh, Mie, Brillouin, and Raman
scattering, arise from microscopic variations in the materi l density and from structural
inhomogeneities. Radiation losses come from fiber bending. Intrinsic fiber characteristics
can also cause loss of energy: changes in core diameter or difference in refractive indices,
for instance.
Figure 2 represents the absorption profile of a standard optical fiber: attenuation is a
function of the wavelength. Typically, three spectral regions are used for data transmission:
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Figure 2: Absorption profile of a standard optical fiber.
at 850 nm (first telecommunications window), at 1300 nm (second window), and at 1550
nm (third window). The lowest attenuation occurs at the third window and is below 0.2
dB/km.
2.1.3 Dispersion
Dispersion is the broadening of a pulse duration while propagating through a fiber. If a
pulse widens too much, it can interfere with neighboring pulses, leading to intersymbol in-
terference. For this reason, dispersion is a critical parameter limiting the transmission data
rate on a fiber-optic channel. Fiber dispersion can be classified into two basic categories:
chromatic dispersion and polarization mode dispersion.
Chromatic dispersion Chromatic dispersion is the result of material dispersion and
waveguide dispersion. The refractive index of the materialis function of the wavelength.
As a result, if the transmitted signal consists of more than one wavelength, the different
wavelengths will travel at different speeds.
This phenomenon can be modeled by expanding the wave propagation factorβ(ω) in a
Taylor series around the center frequencyω0
β(ω) = β0 + β1(ω − ω0) +
β2
2
(ω − ω0)2 +
β3
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The first termβ0 is related to the phase velocity of the wave, the second termβ1 is the
inverse of its group velocityvg, and the subsequent terms to group velocity dispersion of
increasing order.
Chromatic dispersion is also the result of the waveguide characte istics, such as the
indices and shapes of the fiber core and cladding.
Dispersion in fibers is usually quantified by the value ofβ2, generally expressed in units




wherec0 is the celerity of light in vacuum.D is most often expressed in ps/nm/km. De-
pending on the sign of the dispersion parameter, dispersioni said normal (D < 0) or
anomalous (D > 0). In the normal case, the shorter wavelengths (“blue”) aredelayed more



























Figure 3: Typical dispersion curves for standard and dispersion shifted fibers (DSF).
For typical standard fibers (norm ITU-T G.652), used in most of metropolitan and wide
area networks, dispersion at 1310 nm is zero and it is 17 ps/nm/km at 1550 nm. However,
by carefully designing the waveguide, it is possible to obtain zero dispersion at 1550 nm.
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These fibers are called dispersion shifted fibers (DSF, norm ITU-T G.653). Figure 3 rep-
resents the typical dispersion curves for standard and dispersion-shifted fibers. A recent
norm, called ITU-T G.656, adopted in April 2004, introducesfibers where the dispersion
is small, but not zero:D is between 2 and 14 ps/nm/km from 1460 nm to 1625 nm. In
this case the influence of non-linear effects is reduced. These fibers are called non-zero
dispersion shifted fibers (NZ DSF).
Polarization mode dispersion If the fiber is not perfectly cylindrical due to the fabri-
cation process or if the fiber is put under mechanical or thermal stress, this waveguide will
behave as a birefringent element. The fiber core becomes elliptic and the two orthogonal
polarization components (birefringent axes) of the field acquire a differential group delay.
This effect, called polarization mode dispersion (PMD), varies randomly along the fiber.
It is quantified by measuring the standard deviation of the group delay between the two
components. Standard fibers have a PMD of 0.2 ps/
√
km.
Fiber lasers are sensitive to spurious birefringence as thecavity must be as stable as pos-
sible to avoid drift in the emission. To counteract this problem, special high birefringence
fibers have been designed [7], e.g., PANDA fiber. Then, artificially induced birefringence
maintains the original degree of polarization by keeping the spurious birefringence caused
by PMD negligible.
2.1.4 Non-linearities
All the above effects are linear, i.e., they were independent of the intensity of light. When
the intensity becomes sufficiently intense, non-linear eff cts appear [8, 9].
Kerr effect In electromagnetics, the electric inductionD is equal toD = ε0E + P,
whereε0 is the vacuum permittivity,E the electric field andP the polarization. To take into
account the non-linearities, the optical polarization must be expanded
P = ε0χ1 × E + ε0χ2 × EE + ε0χ3 × EEE + . . . , (4)
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whereχi is a ith tensor and× denotes the tensor product. The first termχ1 corresponds to the
linear susceptibility while the higher order terms accountfor the non-linear contribution.
In centrosymmetric media, such as silica, the optical polarization must verify the same
symmetry condition as the medium, and so all even-order components are equal to zero.
Thus, the next non-zero term is the third order and it causes most of the non-linear effects
affecting light propagation in optical fibers: they are called the Kerr effects, orχ3 effects.
In the following paragraphs, we will briefly discuss the mostimportant phenomena due to
third-order non-linearities.
Self-phase modulation In optical fiber, the refractive index depends on the optical
intensity of signals propagating through the fiber. The non-linear variation of the refractive
index∆NL is proportional to its intensityI (t)
n(t) = n0 + ∆NL = n0 + n2I (t). (5)
wheren0 is the nominal value of the refractive index and2 is related to the non-linear
susceptibility. Hence, a field traveling in the fiber will experience a phase shift proportional
to its intensity: for this reason, this eff ct is called self-phase modulation (SPM).
Cross-phase modulation Cross-phase modulation (XPM) refers to the non-linear
variation of the refractive index, i.e., the non-linear phase shift, induced by the co-propagating
signals at different wavelengths or with different polarizations. When the two waves are at
the same frequency but with orthogonal polarization states, the non-linear variation of the









whereI1 andI2 are the respective intensities of the two signals. When two beams of same






Since the phase fluctuations introduced by XPM, and also SPM,are intensity dependent,
different parts of a pulse will undergo different phase shifts. It leads to frequency chirping,
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in which the rising edge of the pulse suffers from a red shift in frequency (toward higher
frequencies), whereas the trailing edge of the pulse experiences a blue shift in frequency
(toward lower frequencies).
Four-wave mixing Four-wave mixing (FWM) occurs when two or more signals at
different frequencies are launched into a fiber. For instance, whn two signals interact with
a third one, a fourth signal is created at another frequency.Similarly, when two optical
signals at frequenciesf1 and f2 are co-propagating along a fiber, they mix and generate
signals at 2f1 − f2 and 2f2 − f1. In general, forN wavelengths launched into a fiber, the




(N3 − N2). (8)
These new signals are called sidebands and can cause interference if they overlap with
frequencies used for data transmission. However, FWM can be used for wavelength con-
version [10] or demultiplexing [11].
Non-instantaneous non-linearities Apart from the previous non-linearities presented
so far, there also exists non-instantaneous effects that couple light with the vibration modes
of the medium, called phonons. We can distinguish two types of such interactions. Both
effects cause energy to be transferred from a high-power optical ump to a weaker signal,
accompanied by either the creation or the annihilation of a phonon.
The stimulated Brillouin scattering eff ct (SBS) involves acoustic phonons that have
a very low group velocity, lower than the speed of light in them dium. SBS occurs at
relatively low input powers for wide pulses (greater than 1µs) and has negligible effect for
short pulses (less than 10 ns). The frequency range of SBS is low (≈10 GHz in silica) and
its gain bandwidth is only on the order of 100 MHz.
The stimulated Raman scattering (SRS) involves optical phonons that propagate in the
lattice at a velocity close to that of light. This eff ct covers a large bandwidth of around 30
THz below the frequency of the input light in silica. It has a mximum gain at a frequency
of around 13 THz less than the input signal frequency.
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2.2 Optical amplifiers
Although manufacturing technology has made a lot of progress, attenuation and losses
are still detrimental to long-haul telecommunication systems, as the number of photons in
the signal becomes too small to be detected after long propagating distances. It is thus
necessary to boost the power of the signal periodically. Thefirst solution was to use opto-
electronic amplification: the optical signal was first converted into an electric current and
then regenerated using a transmitter. This solution presents many drawbacks in terms of
effectiveness, complexity, and cost. All-optical amplifiers,u ing the principle of stimulated
emission or non-instantaneous non-linear effects, have been developed to mitigate these
issues. This section gives a general overview of the two basic types of optical amplifiers:
fiber amplifiers and semiconductor optical amplifiers.
2.2.1 Fiber amplifiers
Fiber amplifiers are optical amplifiers which use an optical fiber, which bears the data
signal. Two main categories of such components exist: rare-e th doped fiber amplifiers,
based on stimulated emission, and non-linear optical amplifiers, based on phonon-photon
interaction.
Rare-earth doped fiber amplifiers These amplifiers were introduced by Koestner
and Snitzer in 1964 [12] and became commercially available 25 years later. The idea is to
dope the core of the fiber with a rare-earth element, such as erbium, ytterbium or thulium,
during its manufacturing process [13]. These dopants are excited into a higher energy level
by an optical signal, referred to as pump signal, at a wavelength lower than that of the
communication signal. This allows the data signal to stimulate the excited atoms to release
photons.
Many variations have been proposed on this basic theme, in order to optimize many
criteria, such as gain efficiency (measurement of the gain as a function of input power
in dB/mW), gain bandwidth (range of wavelengths over which the amplifier is effective),
saturated gain (gain when the value of output power no longerincreases with an increase
12

















Figure 4: Schematics of an erbium-doped fiber amplifier.
As far as optical communications are concerned, the most frequent dopant is erbium
ion (Er+). These amplifiers are called erbium-doped fiber amplifiers (EDFA) [14]. They
typically provide gain amplification over the C-band (conventio al band from 1530 nm to
1565 nm) with a peak around 1535 nm, but recent EDFAs can also cover the L-band (long-
wavelength band from 1565 nm to 1625 nm) [15]. Most EDFAs are pum ed by lasers
with a wavelength of either 980 nm or 1480 nm. Typical maximumgains are on the order
of 30-50 dB. The gain saturation power is around 10 dBm and the 3-dB gain bandwidth
is around 35 nm. As compared to other means of optical amplification, EDFAs have a
large number of advantages, including fiber compatibility,reduced insertion losses (0.1-2
dB), low noise figure (<5 dB), polarization insensitivity and bit-rate transparency. In most
cases, non-linearities are negligible and as the carrier lifetime is on the order of 10 ms, any
phenomenon shorter than this value will not affect the equilibrium of the system.
The dominant source of noise is amplified spontaneous emission (ASE), which arises
from the spontaneous emission of photons in the active region of the amplifier. Amplifier
noise can be a problem especially when multiple optical amplifiers are cascaded: each
amplifier will amplify the noise generated by the previous amplifiers. Another limitation
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is the unequal gain spectrum of these optical amplifiers. It means that an optical amplifier
will not necessarily amplify all wavelengths equally. Thislimits the performance of optical
amplifiers, particularly when a multiwavelength optical signal is considered.
A number of solutions have been proposed to flatten the gain ofa EDFA. For instance,
a notch filter centered at around 1535 nm can be used to suppress the peak of the EDFA
gain [16]. Another approach is to employ several pump signals.
Non-linear amplifiers Non-linear amplifiers differ from the previous ones in that
they utilize non-instantaneous non-linear effects, such as SRS or SBS. In particular, in Ra-
man amplifiers, gain can be obtained over a large band (around100 nm), but it is relatively













Figure 5: Typical Raman amplifier configuration.
The optical amplification occurs in the transmission fiber itself, distributed along the
transmission path. This is a major difference and advantage compared to EDFAs. They
can also be used in any installed transmission fiber; the onlyrequirement being to inject
a high-intensity pump signal. Pump power of several hundreds of milliwatts is necessary,
and pump power from 1 W to 2 W is common. These amplifiers have also low noise
figure.
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2.2.2 Semiconductor optical amplifiers
Semiconductor optical amplifiers (SOA) are essentially laser diodes, without end mirrors
but with anti-reflection (AR) design at the end faces [19]. They ave fiber attached to both
ends. They amplify any optical signal coming from either fiber and transmit the amplified
signal out of the second fiber: they can transmit bidirectionnally. Even if the SOA is show-
ing great promise for use in future optical communication networks, the actual conventional
systems are still dominated by EDFAs. Many recent advances ifabrication techniques and








active region and 
waveguide
Figure 6: Schematic diagram of a semiconductor optical amplifier.
SOA is of small size and electrically pumped. Potentially, it can be less expensive then
EDFA and can be integrated with other devices. However, the actual performance is still
not competitive with EDFA. Typical maximum gains are on the order of 30 dB. The gain
saturation power is between 5 and 20 dBm and the 3-dB gain bandwidth is between 30 and
80 nm, especially when using a multiple quantum wells design. This design increases the
differential gain by confining the electrons in microscopic sections of the waveguide. SOAs
also suffer from high insertion losses (6-10 dB), a high noise figure (7-12 dB), and a short
carrier recombination lifetime (<1 ns). These fast gain dynamics make the amplifier gain
react quickly to changes in the input signal. This characteristic can cause signal distortion
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and make SOAs non bit-rate transparent. SOAs are polarization sensitive due to a number
of factors including the waveguide structure and the gain material. Polarization sensitivity
can be reduced (<2 dB) by the use of square-cross section waveguides and strained quantum
well material. SOAs also exhibit non-linear behavior. These ffects can cause problems
such as frequency chirping and generation of inter-modulation products. They can also be
exploited to perform all-optical signal processing [20].
Table 1: Comparison between EDFA and SOA.
characteristic EDFA SOA
gain (dB) 30-50 30
insertion loss (dB) 0.1-2 6-10
3-dB gain bandwidth (nm) 35 30-80
saturation output power (dBm) 10 5-20
noise figure (dB) <5 7-12
carrier lifetime <10 ms <1 ns
pump source optical electrical
polarization sensitivity no yes
non-linear effects negligible yes
As a matter of fact, SOAs can be used for basic network applications, such as booster
amplifiers to increase a high power input signal prior to transmission, pre-amplifiers to
increase the power level of an optical data signal before detction, or in-line amplifiers
to compensate for fiber loss during transmission. Moreover,SOA is a versatile candidate
technology for executing many other operations that leverage its non-linearity, e.g., cross
gain modulation (XGM) when a strong signal at one wavelengthaffects the gain of a weak
signal at another wavelength, XPM, SPM, and FWM.
Among others, SOAs can be used in the following situations:
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• wavelength conversion: it can increase the flexibility and capacity of a network using
a fixed set of wavelengths. It can be used to centralize network management. De-
velopment of optical wavelength converters avoids the needto transfer the data into
the electric domain before being resent on the new targeted wavelength and thus any
electrical processing bottleneck.
• all-optical switching: by simply turning the device current on or off, an SOA can
be used as an optical gate, or switch. An unbiased SOA becomesheavily absorbing
and stops any signal. The switching time of a current switched SOA is on the order
of several hundreds of picoseconds, but faster switching times can be obtained by
using SOAs inserted in non-linear loop mirrors for data routing based on a packet-
by-packet decision.
• optical logic: different configurations can create optical logic gates, usefulfor all-
optical signal processing applications in high-speed optical networks.
2.3 Lasers
Previously, we presented how to guide light in optical fiber,ut also how to amplify such
a signal. In this section, we will focus on how to produce the light to be launched in them.
We will introduce some of the fundamental principles of lasers and discuss various types
of lasers, especially detailing fiber lasers that are at the cor of our research.
2.3.1 Fundamentals
The word laser is an acronym for Light Amplification by Stimulated Emission of Radi-
ation. As indicated in its name, a laser produces intense high-powered beams of coherent




Figure 7: Fabry-Perot laser cavity.
A laser is composed of an optical cavity in which light can circulate, and within this
cavity is placed a gain medium, which serves to amplify the light. Figure 7 shows a typical
basic laser cavity, called Fabry-Perot cavity: two mirrors, ne reflective and one partially-
transmitting, form the resonant optical cavity. The basic idea is to excite electrons in the
gain medium to produce photons and to accumulate the energy in the cavity. For this pur-
pose, an external device, called pump, brings energy to the gain medium. This energy is
absorbed by the medium and its electrons are excited to an upper state: absorption is at the
origin of population inversion. When these electrons are excit d, they tend to drop back to
the ground state by spontaneous emission. Meanwhile, an incident photon of appropriate
frequency can provoke emission of a cascade of photons by stimulated emission; so the
beam is amplified. Emitted photons have the same direction and coherency as the stimu-
lating photon. When the gain obtained after one round-trip islarger than the losses, laser
threshold is reached. Laser light is emitted out of the cavity [22].
Once laser effect is achieved, only specific waves can be supported in the optical res-
onant cavity: they are called the longitudinal (or axial) modes of oscillation. These privi-
leged waves are those satisfying the resonance condition: the optical distance of one cavity
round-trip must be equal to an integer multiple of the wavelength (or in other terms, the
round-trip phase shift must be a multiple of 2π). It means that ifL is the optical length of
the cavity andλ the wavelength, the relationship is
L = qλ, (9)
whereq is an integer. As shown in Figure 8, in the case of a Fabry-Perot configuration,
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L is equal to twice the optical distance between the two mirrors. We can also note that in
the case of a ring cavity,L is equal to the length of one loop. This implies also that for
reasonable size cavities a large number of modes are theoretically possible; but the real
number of emitted modes depends on several parameters, e.g., energy introduced in the
laser, cavity length, gain spectrum, and type of gain.
λ/2
L/2
Figure 8: Representation of a wave propagating in a Fabry-Perot cavity.
A longitudinal mode is characterized by its optical wavelength. Theq order mode,











This parameter plays a key role when using mode-locking technique to generate optical
pulses with a laser.
Laser light presents many properties:
• monochromaticity: laser light is concentrated in a narrow range of wavelengths.
• coherence: all the emitted photons bear a constant phase reltionship with each other
in both time and space.
• low divergence: all light is concentrated into a narrow spatial band.
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The gain medium is a critical element of a laser. Different media can generate different
behaviors. We can separate them into two categories. Some are called “homogeneous”
(case of doped fibers) when all the elements of the medium react in the same way. Thus,
a signal applied to such a group of atoms will have the same effect on any atom. In fact,
homogeneous broadening is an increase of the linewidth of anatomic transition caused
by effects which equally affect different radiating or absorbing atoms. All the elements of
a same group will have the same central frequency. Other media are called “inhomoge-
neous” (case of gases because of Doppler effect) when all the elements of a same group
react differently. For instance, this can be caused by the diff rent velocities of the atom of
a gas or by different lattice locations of atoms in a solid. In this case, allthe atoms of a
same group will have slightly different resonant frequencies: inhomogeneous broadening
will thus result in a larger increase of the linewidth of an atomic transition but of smaller
amplitude at the central frequency than in the case of a homogeneous broadening. The ho-
mogeneous characteristic of erbium-doped fiber, in the order of 10 nm, can be a drawback
for a closely-spaced multiwavelength generation. Indeed,in such circumstances, one mode
will prevail over the others and will fix the gain for the otherwavelengths.
2.3.2 Categories of lasers
Townes and Schawlow extended the principle of the maser (microwave amplification by
stimulated emission of radiation) to the optical domain [23]. In 1960, Maiman invented the
first ruby laser [24]. Since then, many lasers have been developed and built. They can be
differentiated by the type of active medium used.
• Solid-state lasers: the active medium is a solid at room temperature, e.g., crystal,
glass or optical fiber. Generally, the medium will consist ofa glass or crystalline
host material to which is added a dopant such as neodymium, chromium, or erbium.
Common dopants are rare earth elements. Common solid-state lasers re Nd:YAG,
Ti:sapphire and Yb:glass lasers.
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• Semiconductor lasers: although semiconductor lasers are also solid-state devices,
they are often classified in another category than solid-state lasers. Laser diodes pro-
duce wavelengths from 405 nm to 1550 nm. Low power laser diodes ar used in
laser pointers (1mW-5mW), laser printers, and CD/DVD players. The highest power
industrial laser diodes, with power up to 10 kW, are used in industry for cutting and
welding. Vertical cavity surface-emitting lasers (VCSELs)are semiconductor lasers
whose emission direction is perpendicular to the surface ofthe wafer. VCSEL de-
vices typically have a more circular output beam than conventional laser diodes, and
potentially could be much cheaper to manufacture. VECSELs are external-cavity
VCSELs. Quantum cascade lasers are semiconductor lasers that have an active tran-
sition between energy sub-bands of an electron in a structure ontaining several quan-
tum wells.
• Gas lasers and excimer lasers: their active media are gases which are typically ex-
cited with electrical discharges. Frequently used gases include CO2, argon, and gas
mixtures such as helium/neon. Common excimers are ArF, KrF, and F2: typically a
noble gas (rare gas) and a halogen. For instance, carbon dioxide lasers are used in
industry for cutting and welding.
• Chemical lasers: they are powered by a chemical reaction, andc achieve high
powers in continuous operation. They are used in industry for cutting and drilling.
Common examples of chemical lasers are the chemical oxygen iodine laser (COIL),
and the hydrogen fluoride laser and deuterium fluoride laser,both operating in mid-
infrared region.
• Dye lasers: they use an organic dye as the gain medium, usually as a liquid solution.
Some of the dyes are fluorescein, coumarin, stilbene, umbelliferone, and tetracene.
In the next paragraph, we will focus on fiber lasers because our w rk in this dissertation
deals with this particular type of lasers.
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2.3.3 Fiber lasers
Fiber lasers are referred to as lasers with optical rare-earth doped fibers as gain media.
Some lasers with a semiconductor gain medium and a fiber cavity re also called fiber
lasers. Many configurations can be used for these lasers:
• Linear configuration: it is a type of Fabry-Perot cavity. Forinstance, end mirrors
determining the laser cavity can be fiber Bragg gratings directly tched into the core
of an optical fiber [25]. See Figure 9 (a).
• Ring configuration[26]. See Figure 9 (b).
• Figure-eight configuration [27]. See Figure 9 (c).
• σ configuration[28]. See Figure 9 (d).
These three latter configurations are the most common, sincethey enable short pulse
generation and high repetition rate. In these architectures, the isolator is inserted to force
light to circulate in an unique direction.
Fiber lasers have a lot of advantages compared to bulk lasers. They are compact and
easy to build, to manipulate, and to transport. Fiber laser setups can be very robust when
they are made with fibers only. They are easy to integrate and do not require any complex
alignment or coupling. They are also less expensive and havet e potential for high output
powers (several kilowatts with double-clad fibers) with excellent beam quality [29, 30]
due to high surface-to-volume ratio and the guiding effect which avoids thermo-optical
problems. These fiber lasers can also operate with small pumppowers. Their axial mode
separation can be small (2 to 100 MHz for optical lengths of 3 to 150 m).
On the other hand, fiber lasers suffer from various problems: stability, power fluctu-
ations, complicated temperature-dependent polarizationev lution, and non-linear effects










































Figure 9: Different configurations for fiber lasers.
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The application fields of fiber lasers range from telecommunications to car industry, but
also include medicine and aerospace [31, 32, 33].
2.4 Pulse generation
The output of a laser may be a continuous, constant-amplitude o tput (known as CW
or continuous wave), or pulsed, by using the techniques of Q-switching, mode-locking, or
gain-switching. In pulsed operation, much higher peak powers can generally be achieved.
2.4.1 Pulse carving
To emit optical pulses, a straightforward solution includes a continuous light source and
uses a fast modulator which periodically lets the light passfor a short period of time. This
method is called pulse carving. This modulator acts as a switch. It can be an electro-
absorber or a Mach-Zehnder interferometer, driven by an electrical signal to carve the de-
sired optical pulses [34, 35]. The laser in itself does not have ny influence on pulses
characteristics, except if the modulator and the laser diode are integrated on the same sub-
strate [36].
gain medium modulator
peak power of pulses
power of CW 
laser
time
switch off switch  on
Figure 10: Pulse carving principle: cavity and laser outputas a function of time.
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This method is simple and easy to implement. However it has some drawbacks. With
this technique duty cycles are large (between 30% and 50%) and so pulsewidths are sig-
nificant compared to repetition rates. Moreover, the maximum p lse power cannot exceed
the power of the used continuous laser diode. Since most of the lig t is lost at the modula-
tor and since the pulse duration is limited by the speed of themodulator, other techniques






Figure 11: Q-switching laser cavity.
The idea of this method is to put an element that will play the rol of a shutter inside the
cavity. It leads to a change of loss parameterα. It creates short pulses of high energy. This
method is called Q-switching because the decrease of loss corresp nds to an increase of the
Q-factor of the cavity. The analysis can be parted into two step , as shown in Figure 12.
Step one:
• The shutter is off. The gain increases as energy in the amplifier is stored and losses
are high, maintained equal toα1. the pump power is equal toRand is used to increase
the inversion of population without reaching the laser condition. The difference in
population between electronic levels∆N(t) stays at a valueRτinc, whereτinc is the

















Figure 12: Q-switching principle.
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Step two:
• The shutter is on. At time t1, losses become suddenly low and reach a valueα2. The
overall gain is greater than the laser threshold. There is emsion. The emitted pho-
tons density,S(t), and the optical power increase. They rapidly reach saturation. The
resulting overall gain abruptly decreases and becomes lessthan the laser threshold at
t2. The photons densityS(t) decreases to 0 with a time constantτdec.
This technique generates short pulses of approximate duration τdec. At t3, losses are set
again atα1 and the same process restarts after a certain period of time (aroundτdec), when
the difference in population is back to equilibrium.
The maximum emitted photons density isSmax ≈ Rτinc in Q-switched lasers, whereas
in CW lasers it isScont ≈ Rτdec. Ratio between these two values isτincτdec ≫ 1, showing that
peak power can be significantly large.
Two types of shutters are commonly used:
• rotative mirror;
• electro-optic switch (Pockels cell).
2.4.3 Gain-switching
Gain switching is a method for pulse generation by quickly modulating the laser gain
with a varying pump power that will be alternatively turned on and off.
The principle of this technique is depicted in Figure 13:
• Pumping begins att1, and goes fromR1 below the laser threshold valueRth to a value
R2 above the threshold.
• The difference in population∆N(t) begins to increase exponentially, with a time con-



















Figure 13: Gain switching pinciple.
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• When reaching saturation,∆N(t) decreases and stabilizes around∆Nth. Therefore
S(t) stabilizes to a fixed valueS0 at t3.
• At t4, pump is back to its initial valueR1, and soS(t) decreases to 0.
This method is easy to implement and short pulses (around 10 ps) can be generated.
However, they are usually chirped and compression techniques are used, especially for
long-haul transmissions [37, 38].
2.4.4 Mode-locking
The basic main idea of mode-locking is to coherently add several longitudinal modes
and to concentrate the energy of these interferences at a specific location in the cavity to
create pulses at a specific wavelength, as shown in Figure 14.This location propagates
through the cavity and cavity modes are locked together. A phase relationship links the
longitudinal modes in the cavity; for instance, the propagatin optical signal is modulated
at a frequency equal to the inverse of the round-trip time of the cavity.













Figure 14: Mode-locking principle.
2.4.4.1 Basic concepts
To combine energy of several modes to form a pulse train, a phase relationship should
be imposed to the optical signal propagating in the cavity.






















Figure 15: Modulation sidebands synchronization.
frequencyνq). These sidebands are at frequenciesν+q,k andν
−
q,k, equal to
ν±q,k = νq ± k fm, (12)





(kmod,n and kmod,d are integers and∆ν is the axial mode separation, as in Equation 11),
sidebands frequencies of modeq for k = kmod,d correspond to frequencies of modes of order
q+ kmod,n andq− kmod,n. If the sidebands energy is large enough, coupling is achieved. The
generated pulses are produced at a repetition rate equal to the frequency spacing between
two successive coupled modes, i.e.kmod,d fm.









φq+1 − φq =
2π
T
t + φcte, (15)
whereφcte is a constant,φi is the phase of the modei, andT is the cavity round-trip time.
Thus, if modes are in phase att = 0, e.g., if they fulfill the mode-locking condition,
they will also be in phase at all timest = NT. At t = 0, we can describe the mode-locking
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condition by
φq+1 − φq = φcte, (16)
which is equivalent to
φq = qφcte+ φ0. (17)
The non constant value of the spectrum gain curve of the amplifying medium causes
non uniform amplification of frequencies. Hence only some modes are amplified enough to
satisfy the lasing condition. Therefore, let us assume without loss of generality that 2M+1






whereEq, φq, andωq represent magnitude, phase and frequency of modeq. In a first



















with N = 2M + 1.
























Figure 16: Mode-locked pulses characteristics.
This approach of the mode-locking technique allows us to understand how pulses can
be generated when locking in phase the modes of the cavity. A more detailed analysis of
this concept will be presented in the next paragraph.
2.4.4.2 Theoretical mode-locking analysis
We will consider a Gaussian approach to study pulse propagation in the cavity [39].
While this study considers transmission occurring at a maximum of the modulator transfer
function, it describes quantitatively and qualitatively the generation of pulses. As repre-
sented in Figure 17, the cavity we consider has a ring configuration and has two compo-













Figure 17: Schematics of mode-locking principle.
Gain medium transfer function Let us suppose that the input optical signal,Ein(t),
traverses an homogeneous gain medium represented by its transfer functiong(ω). The
output signal in frequency domainEout(ω) satisfies
Eout(ω) = Ein(ω)g(ω), (22)
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whereEin(ω) is the Fourier transform ofEin(t).
It is assumed that the gaing(ω) of the medium is Gaussian
g(ω) = exp
(





whereω0 is the reference angular frequency and∆ω is the 3 dB gain bandwidth.
Loss cell transfer function The losses are introduced by an intensity modulator. Its
transfer functionTp(t) is







τ(t) = ∆τp sin(Ωpt), (25)
∆τp being the modulation depth andΩp the modulation frequency, as we drive the modu-
lator with a sinusoidal signal.




























Main analysis Figure 17 represents propagation of the optical signal through the di-
verse elements in the cavity. The initial pulse is assumed tobe Gaussian and with optical
frequencyω0
f1(t) = Aexp(iω0t − Γt2), (29)
whereΓ = α1 − iβ1 is the complex Gaussian pulse parameter.























After amplification, the pulse is described in the spectral domain by
F2(ω) = F1(ω)g(ω) (32)
= Bexp
(
































(∆ω4α1 + 4∆ω2(α21 + β
2
1)) − iβ1∆ω4
(∆ω2 + 4α1)2 + (4β1)2
(37)
= α′1 − iβ′1. (38)
In the temporal domain, we find that
f2(t) = 2B
√
πΓ′ exp(iω0t − Γ′t2). (39)
After the intensity modulator, we have
f3(t) = f2(t)Tp(t) (40)
∼ 2B
√












As the signal should be the same after one round-trip for steady-state operation,f3 and f1


















(∆ω2 + 4α1)2 + (4β1)2
. (44)
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Assuming thatΓ is not zero, we have
β1 = 0, (45)












Considering the typical values of the different parameters, (α1 ≈ β1 ≈ 1021 s−2 and∆ω ≈
1012 rad/s), we have:
4∆ω2α21 ≪ ∆ω4α1, (47)





As a result, the full width at half maximum (FWHM) is











If phase modulation is considered instead of intensity modulation, similar results are
obtained concerning temporal pulsewidth. However, a chirped ulse is generated and in
this case, absolute values ofα1 andβ1 are equal [39].
2.4.4.3 Practical implementation techniques
To obtain this locking of modes, two methods can be used:
• active mode-locking: a modulator is introduced in the cavity to modulate in phaseor
in intensity at a frequencyfm, equal to∆ν [40, 41];
• passive mode-locking: a non-linear all-optical method is able to produce ultra-short
pulses without any active component within the cavity. Usually, saturable absorbers
or Kerr lenses are employed [42, 43, 44, 45]. A saturable absorber is a non-linear
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optical component with an optical loss that decreases at high optical intensities. Laser
emission can only occur if and only if modes are locked together o produce high
intensity light to pass through the saturable absorber. Themain drawback is lack of
synchronization from an external clock.
2.4.4.4 Fundamental, harmonic, and rational mode-locking
When modulation frequency is equal to the axial mode separation, i.e., to the inverse of
the cavity round-trip timeT, the technique is called fundamental mode-locking.
If modulation frequency is equal to an integer multiple of the axial mode separation,
mode-locking can still be achieved. This situation is called harmonic mode-locking [46].
Then, if the signal is modulated at a frequencyωm = 2πN∆ν, with N ∈ N, it can produce
up to N pulses in the cavity. The temporal spacing between two succesive pulses is then
T/N. Obtained repetition rates can be high. All the modes withine gain bandwidth are
thus grouped intoN sets, calledsupermodes. The energy shifts among these groups and
the relative phase-slides among them are the main source of amplitude fluctuations of the
emitted pulses. It can lead to suppressions of pulses: this is the pulse drop-out phenomenon
[47, 48, 49].
Equation 13 can also be satisfied for a modulation frequency equal to a rational of∆ν.
It is called rational mode-locking [50, 51].
2.5 Conclusions
This chapter was dedicated to the introduction to fiber optics communications. After a
review of the fundamentals of optical fibers, we detailed thebasics of optical amplifiers
and laser sources. In the next chapter, we will introduce thediff rent broadband access
networks as well as the challenges they have to face. We will focus in particular on passive
optical networks. We will emphasize the need of adequate light sources for this particular




Over the last few years, the area of data communications has experi nced rapid develop-
ment. As a result of the information superhighway, the growth rate in bandwidth demand
is very high. Actual telecommunications networks have widely adopted optical fiber as the
backbone transmission medium. Fiber is also a promising candid te for access networks.
An important research activity has also been undertaken in the field of coding and mul-
tiplexing. Among all possibilities, WDM techniques have ledto a great interest in fiber
optic communication systems. However, to be practically imple ented, these methods
need adequate sources.
In this section, we introduce the background of the proposedresearch. First, we give a
brief overview of actual telecommunications access networks. Then, we focus on the issues
to solve for passive optical networks (PON). To conclude, wepresent diverse typical laser
sources that may be used in these systems.
3.1 Types of access networks
With the expansion of services offered by the Internet, the last mile, also known as the
first mile or broadband access, still represents a bottleneck problem. Depending on the
competitors, different solutions are imagined and deployed. These can be classified into
two main categories: wired and wireless. This section provides a brief overview of the
different solutions, particularly emphasizing passive optical networks.
3.1.1 General considerations
Access networks connect business and residential customers to metropolitan area net-
works (MAN) and wide area networks (WAN). As shown in Figure 18, tomorrow’s net-
work is very dense and complicated. Because of the multiplicity of broadband multimedia
applications, a huge demand for bandwidth has been imposed tthe telecommunications
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companies. Nowadays, access networks represent the bottleneck for end-to-end broadband
applications. Unlike long-haul networks, access networksmu t serve a more diverse and
cost-sensitive customer base. A good adequacy has to be found between a good quality of
service (QoS), the offer bandwidth to the premises, cost, and performance.
Figure 18: Tomorrow’s network.
For the moment, the two most popular solutions are digital subscriber line (DSL)
techniques deployed by telephone companies and cable modems fro cable companies.
Telecommunications companies try to take benefits of their installed infrastructure to elim-
inate deployment costs and to increase their return on investments to the maximum. For
these reasons, DSL and cable are still the globally, mass-market, broadband access tech-
nologies. However, cable modems suffer from ingress noise and DSL systems from crosstalk.
For these reasons, and because they are bandwidth limited, th se solutions appear to be
temporary. Even if wireless technologies are good for bandwidth scalability in terms of
number of users and if mobility is their main asset, these solutions are prone to security
problems and interference.
A new technology is steadily creeping up on the market: optical fiber. Fiber offers the
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best guarantee that a network provider will have the infrastructure needed to deliver desired
next-generation services, stay competitive, and retain customers. As a matter of fact, it is
one major objective of these companies: to reduce churn, becaus the acquisition of a new
customer is a very expensive hunt in a highly competitive enviro ment. But to be a viable
access network choice, fiber-based solutions need to face many ch llenges. The main one
concerns the deployment costs. Fortunately, impressive adances in fiber splicing, trench-
ing, and connectors have reduced installation costs. Thesenew technologies and processes
made also fiber installation easier and less time consuming,thereby reducing labor costs















Figure 19: Data bandwidth projections (Source: InfoneticsRe earch 2004).
Finally, we observe that the market is undergoing transformation from a broadcast one-
way technology to an interactive, on-demand offering. Triple play services (voice, data,
and video) are driving customers behaviors. To satisfy clients demands, the question is to
know how much bandwidth will be enough in the future. With theupcoming necessary
delivery of many high definition television (HDTV) channelsand video-on-demand, con-
sumer appetite for higher and higher speeds for high-speed Int rnet keeps outpacing market
projections for growth in this service. Figure 19 projects the future expected needs in terms
of data bandwidth. It seems that 25 Mb/s will suffice for a basic service offering in the near
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term, but it will not be enough in the far future [53].
3.1.2 Digital Subscriber Line
Digital Subscriber Line (DSL) provides broadband access over twisted-pair copper phone
lines. DSL separates the available frequencies to provide both voice and data services si-
multaneously over the same line. Different variants of DSL exist, such as asymmetric DSL
(ADSL), High-Data-Rate DSL (HDSL), and Very High-Speed DSL (VDSL). The end users
separate the data by using filters: a low-pass filter for voiceand a high-pass filter for data.
DSL line rates are typically beyond 1.5 Mbps. The ADSL can reach 8 Mbps and uses
the standard G. 992 issued by the International Telecommunication Union (ITU). The new
standard released by the ITU in 2003, ADSL2+, increases the downstream data rates up to
24 Mbps on phone lines over 5 km and 20 Mbps over 10 km.
The main advantage of this solution is that it allows quick deployment because wiring
is not required and is already installed. The connection is always on and there is no in-
fringement on phone lines. However, because of its physicalch racteristics, copper cannot
support high-bandwidth communication and has a high attenuation. As a consequence,
DSL is restricted in data rate and distance of transmission.DSL is distance sensitive: per-
formance is better when the subscriber is close to the central office. Thus, it can cause
problems from a customer point of view. Another drawback is that DSL is not symmet-
ric: the connection is faster for receiving data than for sending information through the
network.
3.1.3 Hybrid Fiber Coax
The Hybrid Fiber Coax (HFC) network is a combination of two technologies and of two
media: optical fiber and coaxial cable. Originally, HFC was aCable TV (CATV) concept.
CATV was invented to solve the issue of TV broadcasting and reception in rural areas. It



















Figure 20: HFC configuration.
Pure coax systems are not able to provide high-speed residential broadband services.
Moreover, they are difficult to design and maintain. Transmission degradations also occur
during transmissions because of the limitations of amplifiers. To overcome these prob-
lems, cable operators suggested using fiber as a trunk mediumand a coaxial cable network
between the customer and the fiber node. It makes use of both optical fiber and coaxial
cable, as depicted in Figure 20. The information is transmitted from a master head-end to
the customer set top box via fiber rings, local head-ends, fiber nodes, coaxial cables, and
amplifiers. The standard used is made by Cabelabs and is calledDOCSIS. Version 1.0 was
published in 1997, version 1.1 in 1999, and version 2.0 in 2002. The per-user bandwidth is
about 10 Mbps.
In this network, the services are shared and always on. On average, the speed is ten
times faster than with a telephone line. However, HFC has a limited upstream bandwidth:
this is a major problem for important applications like peer-to-peer, video telephony, or
web servers.
3.1.4 Wireless access network
The wireless access network has a major difference from the previous ones: there is
no wiring. This solution is very attractive because it allows consumers to communicate
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without the installation of wires. This offers a significant advantage: mobility. Initially,
wireless was confined to voice communication, but with its tremendous success, its use
rapidly expanded. Wireless access is excellent for the scalability of the network architecture
in terms of number of users. From the service provider point of view, a large percentage of
the deployment cost arises when a new customer subscribes.
As a matter of fact, the standardization of the 802.11 WiFi format by the Institute of
Electrical and Electronics Engineers (IEEE) has paved the way for the deployment of this
type of access network. The per-user bandwidth is 1.5 Mbps. Even if the idea is very
appealing, the wireless spectrum seems too small for data trffic. There is a bottleneck
between the data transported over fiber and the signals that have to be fed into a wireless
channel. To solve this problem, a new solution is emerging: World Interoperability for
Microwave Access (WiMax), known as standard IEEE 802.16. This uses a large frequency
band, from 2 to 66 GHz, and should provide a per-user bandwidth of 70 Mbps up to a
distance of about 50 km.
Other developments concern the use of infrared and free space optics. These tech-
niques include the modulation of data onto an electromagnetic wave. The limitation mainly
comes from the fact that free-space optics means point-to-point communication and is con-
sequently limited by line of site.
Finally, the main drawback of this wireless technology concer s security: these systems
are more prone to eavesdropping, attacks, and traffic nalysis than the other systems.
3.1.5 PON: a promising candidate
A passive optical network is a point-to-multipoint opticalnetwork with no active element
in the signal path between the source and the destination. Itis mainly based on optical fiber
and a power splitter. A PON configuration is shown in Figure 21. The passive elements are
located in the distribution network (also called the outside plant) and the active elements at
the endpoints of the network. The source endpoint is called th optical line terminal (OLT)
and at the receiver side, the endpoint is called Optical Network Unit (ONU) [54]. Typically,
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the PON is deployed in a single fiber tree configuration; the main fiber is called the trunk











Figure 21: PON configuration.
Compared with the first and currently mass deployed access network systems, PON
appears as a very promising candidate to provide high bit rate and symmetric-bandwidth
distribution. Regarding its competitors, the PON approach presents a lot of advantages
[55]:
• It makes use of the total bandwidth available in fibers. It will provide more bandwidth
to the customer.
• It allows for longer distances between source and destinatio than with DSL. Typi-
cally, a PON can operate at distances over 20 km.
• It minimizes fiber deployment costs. Service providers share their costs of fiber and
equipment at the OLT among several susbcribers.
• It reduces the capital expense of outside plants and relatedop ration costs. Mainte-
nance is simplified and is not a critical point.
• It provides greater flexibility. Service providers can upgrade or add new services by













FTTH: Fiber to the Home
FTTC: Fiber to the Curb
FTTB: Fiber to the Building






Figure 22: Different approaches of passive optical access networks.
PON technology includes different categories and approaches of access networks, as
shown in Figure 22. For intense, researchers commonly speakabout FTTP (Fiber-to-
the-Premises), FTTH (Fiber-to-the-Home), FTTB (Fiber-to-the-Building), FTTC (Fiber-
to-the-Curb), or FTTCab (Fiber-to-the-Cabinet). Generically, they are called FTTx archi-
tectures. The closer fiber comes to the final user, the more expnsive is the deployment.
PON-based technology is already being rolled out, but at different rates and with dif-
ferent standards depending on the part of the world. The mainregions are currently Asia,
North America, and also Europe. As of September 2005, Japan had 2.7 million FTTP sub-
scribers, Europe 892,000, and North America 322,700. In Japan, NTT announced in 2004
a plan under which it is to spend $48 billion to reach 30 million subscribers with EPON by
2010. In the United States, Verizon and SBC launched FFTP and FFTN using BPON. In
Europe, Deutsche Telekom announced the deployment of FTTC for 50 cities in Germany.
In France, France Telecom has just revealed its strategy to deploy FTTH using GPON in
strategic urban areas to study the market.
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3.2 Design issues for PON
With all the characteristics detailed in the previous paragraph, PONs lead to an intense
interest for broadband access networks. Among all the propositions and research, many
challenges still have to be solved. In particular, design considerations and issues have to be
clarified, like frame format, Medium Access Control (MAC) protocol, or topology.
3.2.1 Frame format
Different data-link technologies can be used for transmission in PONs. The final choice
of frame format and related protocol will not only depend on the ypes of services to be
delivered, but also on the interfaces with the metro and long-haul area networks. Currently,
three formats are in question: asynchronous transfer mode (ATM), Ethernet, and generic
framing procedure (GFP).
ATM PON (APON) /Broadband PON (BPON) Until now, most of the deployments
have been based on APONs. These proven PON technologies are based on the first specifi-
cations defined by a consortium formed by seven network operators in 1995. This initiative
is called the Full Service Access Network (FSAN) [56, 57], which uses ATM as its layer-2
protocol. It was originally thought that ATM would become the prevalent technology in
the different networks. Later, the name APON was replaced by the termBroadband PON
(BPON) to emphasize the system’s support of broadband services, such as video distribu-
tion. The original standard was defined by the ITU under the recommendation G.983. It
specified an architecture with symmetric 155 Mbps upstream and downstream bit rates. The
original recommendation was improved in 2001 to allow asymmetric 155 Mbps upstream
and 622 Mbps downstream transmission. The transmission protocol uses a downstream
frame of 56 ATM cells of 53 bytes each for the rate of 155 Mbps and of 224 cells for 622
Mbps. At the beginning and the middle of a downstream frame, Physical Layer Operation
and Maintenance (PLOAM) cells are inserted: it is used by theOLT to control the commu-
nication with the ONUs. In each upstream slot, a three-byte overhead header and a 53-byte
ATM cell are transmitted to allow for burst transmission andreception. In each ATM cell,
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five bytes are for the header and 48 bytes are for the payload.
Finally, ATM has the advantage of allowing the implementation of various quality of
service (QoS) policies and guarantees. It also appears to bea good choice to support real-
time traffic. However, data has the form of Internet Protocol (IP) packets. To traverse
the network, the packets have to be broken and put together atthe end user; this induces
complexity and cost. The overhead of ATM for carrying variable length IP packets is high
and therefore is a major drawback for Internet traffic. Also, if an ATM cell is corrupted, it
will affect an entire transmission and will consume ressources inefficiently. Moreover, the
data rates appear relatively slow compared to other techniques and ATM has not become
an inexpensive technology, as was promised.
Ethernet PON (EPON) Ethernet PON is a PON using Ethernet frames as defined
in the IEEE 802.3 standard [58] released in mid-2004. It useseight data bits encoded as
ten line bits and operates symmetrically at a standard Ethernet speed of 1 Gbps. It is very
convenient to carry IP packets via Ethernet frames: the protocol overhead for IP services
is very small. Data transmission occurs in variable-lengthpackets of up to 1518 bytes.
The scalability is very high, up to 10 Gbps. Moreover, the hardware is cheap; EPON
deployment is a cost-effective solution. Ethernet technology has now become a widely
used standard, offering enormous economies of scale. Ninety-five percent of local area
networks (LAN) use Ethernet and Ethernet has become very popular also in Metropolitan
and Wide Area Networks (MAN and WAN). Ethernet deployment isgrowing rapidly and
10 Gigabit Ethernet products are available. As a consequence, the choice of Ethernet as a
frame protocol would ease the integration and the interconnection of PONs with existing
networks. With the EPON standard, there is no limit on the number of ONUs reached, but
it is supposed to deliver up to 64 ONUs when using forward error correction.
Gigabit PON (GPON) With the emergence of EPON, the FSAN group realized that
its architecture would require higher bit rates and a more effici nt scheme of data transmis-
sion. Being limited by the intrinsic characteristics of the ATM frame format, the FSAN
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group decided to adopt GFP, allowing a mix of variable-sizedframes and ATM cells. It is
referred as GPON [59], the ITU G.984 standard. GFP has the advantage of being SONET
compatible, enabling service providers to link their voiceconnection into the PON without
adding IP. The requirements include the following:
• full service support, including voice (TDM, both SONET and SDH), Ethernet, ATM,
etc.
• physical reach distance of 20 km, at least.
• support for various bit rates using the same protocol, including 622 Mbps, symmet-
rical 1.25 Gbps, and 2.5 Gbps downstream/ 1.25 Gbps upstream.
• security at the protocol level for downstream traffic.
• support up to 128 ONUs.
For all these reasons, GPON is a fierce competitor of EPON for the future deployed
architecture.
3.2.2 MAC protocol
As a PON is a point-to-multipoint system, when different ONUs transmit data at the same
time, collisions may occur. Then, a medium access control (MAC) protocol must be used
to avoid this phenomenon and to fairly share the ressources among the different users. Two
protocols are described here: time division multiplexing (TDM) and wavelength division
multiplexing (WDM).
TDM Currently, the MAC protocol that has been intensively studied is TDM. The
method is to put multiple data streams on the same medium by separating the signal into
short time intervals. One segment is entirely dedicated to aspecific user. It combines many
advantages. In particular, it implies low cost and low maintenance. All ONUs can transmit
over only one wavelength and so all the components in the diff rent ONUs are identical.
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For this reason, OLT only needs one receiver. In a TDM-PON, itseems easy to change the










Figure 23: Time division multiplexing.
Despite all of these features, TDM-PONs face many challenges. In particular, end
terminals must be accurately synchronized; the clock recovry can be challenging. The
prime problems of TDM-based access network are faced in burst mode reception at OLT
and synchronization within overhead period of each upstream slot. It seems difficult to
easily upgrade and scale these TDM-based optical access networks.
WDM To extend the capacity of access networks without changing the fiber in-
frastructure too much, a method where each data signal is modulate onto a different optical
















Figure 24: Wavelength division multiplexing.
In such a configuration, WDM makes full use of the large bandwidth of optical fiber
[60]. By using different channels, WDM networks are easy to scale and to upgrade.
The connection between source and destination is independent of the line rate and of the
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frame format. WDM-PONs are still expensive architectures because specific wavelength-
dependent devices, like dedicated transceivers for each end user, are required. A WDM-
PON system also needs filters at the receiver side, which mustbe tuned very precisely to
match the signal to its subscriber. Thus, inventory and maintenance become issues. There-
fore, the cost of such a network appears prohibitive. However, th deployment costs are




















Figure 25: Hybrid TDM/WDM PON configuration.
With WDM, an important choice still has to be made regarding wavelength assignment:
between coarse WDM (CWDM) and dense WDM (DWDM). CWDM uses 18 channelsbe-
tween 1290 nm and 1610 nm. The spacing between the channels isof 20 nm, with a channel
bandwidth of 13 nm. The main advantage of the CWDM solution is its cost. CWDM com-
ponents are cheap because their requirements are not stringent. The emitted wavelengths
may vary. There is no need for temperature control and stabiliz tion. However, the number
of channels is limited to 18. Some channels suffer the peak absorption of water in the opti-
cal fiber. Attenuation will differ from one channel to another. Moreover, there is a lack of
good optical amplification for these different channels. On the other hand, DWDM imposes
a separation between wavelengths of 50 GHz (0.4 nm for the C-band) or 100 GHz (0.8 nm
for the C-band). It achieves better spectral efficiency and, by using the C-band, fully ex-
ploits the commercially available optical amplifiers. It can lso provide longer reach. For
all these reasons, the performances with this method are very good and this technology
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appears to be the best option in the long-term future. However, cost remains a problem.
A pragmatic scenario for the transition from current TDM-PONs to future DWDM-
PONs uses a hybrid TDM/WDM access network architecture [61], as shown in Figure 25.
It consists of a shared TDM downstream link on a dedicated wavelength (for instance 1310
nm) and a set of specific WDM upstream links (for instance over th C-band between 1530
and 1565 nm).
3.2.3 Physical topology
PON is basically a point-to-multipoint architecture. To implement such a network, many
topologies have been proposed, some of which we present here. PONs can be deployed
in a tree, ring, or bus configuration, as shown in Figure 26. Using couplers and splitters,

































Figure 26: PON topologies.
In the field, two scenarios can be implemented with WDM-PON: single or dual fiber
systems. In the single-fiber case, one fiber cable will support b th downstream and up-
stream signals, whereas in the multiple fiber case, one fiber is dedicated to the downstream
transmission and another one to the upstream transmission.S metimes, one fiber can be
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used for broadcast and another one for data. Figure 27 shows different scenarios for optical
bands allocations in the two cases. The differences are mostly economical, in the sense
that there is less fiber deployed in the first case. However, inthe second proposition, the
terminal components are less complicated to design and manufacture.
Figure 27: Typical downstream and upstream optical bands for ingle and dual fiber PON
systems.
The successful deployment of PONs requires diverse enabling technologies, such as
low cost and high-speed filtering. In this area, research focuses on tuning mechanism,
devices design and fabrication. Then, wavelength multiplexers / demultiplexers will play
a key role in the implementation of PONs. Switches and splitters are also investigated to
optimally route the information to the subscriber. Also, optical transceivers operating at
high bit rates have to be made suitable for access networks. Finally, especially in the case
of WDM-PON, adequate sources are required to emit the light atspecific wavelengths.
3.3 Light sources
To pratically implement such multiplexing techniques and optical network architectures,
adequate emitters are required. Three categories of optical sources can be distinguished:
fixed wavelength, tunable, and multiwavelength sources.
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3.3.1 Fixed wavelength sources
In WDM networks, the multiplexing of different wavelength channels in a single fiber
requires laser sources generating these wavelengths. The simple t idea consists of consid-
ering many emitters, each producing one specific fixed wavelength.
Currently, Fabry-Perot (FP) laser sources are cheap solutions. However, if there is no
control of the temperature, FP lasers cannot emit at specificand calibrated wavelengths.
Moreover, these sources suffer from mode partition noise. One solution is to use an
injection-locking technique to adjust the wavelengths [62, 63].
There are also three other types of such sources: distributed feedback lasers (DFB),
distributed Bragg reflectors (DBR), and vertical-cavity surface-emitting lasers (VCSEL).
















Figure 28: Types of fixed wavelength lasers.
wavelength emission is obtained by inserting an intracavity optical filter. A Bragg grating
will notably be incorporated in the laser to control the laser diode wavelength. When the
grating is integrated within the active zone, this is a DFB laser; otherwise it is a DBR
laser. These two categories of sources emit in the plane of the PN junction: they are called
edge-emitting lasers. These lasers have excellent wavelength stability.
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These lasers have difficult coupling with optical fibers. Therefore, another source has
been developed: source emitting in a direction perpendicular to the PN junction, known as
VCSEL. The active zone is generally made of quantum wells and the length of a VCSEL
is small compared to its width. On both ends, DBR lasers act as mirrors.
3.3.2 Tunable sources
The main drawback with the previous sources is that one specific laser can only generate
one single wavelength. This leads to obvious cost, manufacturing, and inventory concerns.
For these reasons, tunable lasers have been developed. There are mainly two tuning meth-
ods and many practical implementations.
Tuning techniques Two ways of reaching optical wavelength tunability are conceiv-
able. The first and simplest one consists of using an optical filter that will move to select
different longitudinal modes under the gain curve; this is mode hopping tuning. On the
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Figure 29: Wavelength tuning methods.
Practical implementation Two categories of tunable lasers are described: semicon-
ductor lasers and fiber lasers.
In semiconductor lasers, a widely used technique is to make the refractive index vary via
current or temperature fluctuations [64]. A filter can also beadded to the laser, such as
sampled Bragg gratings [65]. A second method takes advantageof the insertion of the
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laser in another cavity, called an external cavity. These lars are known as extended cavity
lasers. For instance, concerning VCSELs, one idea is to mounta micro- electro mechanical
system (MEMS) on one mirror to change the cavity length by simply applying a voltage
[66]. For the moment, VCSELs are commercially available for wavelengths at 850 nm and
1310 nm, but not yet for 1550 nm. However, VCSEL shows great promise as it has the
potential for low-cost mass production and for high-level integration.
Regarding fiber lasers, the different solutions mostly incorporate an intracavity filter. Many
types of filters have been studied: Bragg filters [25] Fabry-Perot filters [67], unbalanced
Mach-Zehnder interferometers [68], acousto-optic filters[69], etc.
The tunability range of these different techniques depends on the considered gain medium.
3.3.3 Multiwavelength sources
Tunable sources appeared to have a great interest for WDM communications systems.
Nevertheless, in many cases, they are not optimal. Another typ of source has been ex-
plored by researchers: multiwavelength laser sources. Instead of tuning the emitted wave-
length for one source, this approach consists of generatingll the different channels via a
single device.
Categories of multiwavelength sources When speaking about multiwavelength sources,
two main categories can be identified: continuous wave [70, 71] and pulsed [72, 73]
sources. Within the pulsed sources, research studies have focused on two types of oper-
ation. Indeed, as shown in Figure 30, wavelengths can be emitted:
• simultaneously[74, 75]: all the wavelengths are contained in each pulse.
• alternatively[76, 77]: successive pulses are at different wavelengths.
Practical implementation Many methods have been proposed to implement these
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Figure 30: Categories of multiwavelength pulsed sources.
Lasers array The simplest idea consists of choosing many semiconductor lase s pro-
ducing different optical wavelengths and then mounting them together to form an array of
lasers [78]. To miniaturize the source, the lasers can be puton the same wafer [79]. Zah
et al demonstrated the design and fabrication of an array of 20 DFB laser diodes with in-
tegrated combiner and optical amplifier. The chip size was 4.3 mm x 1.4 mm [80]. Even
if the compactness of this array is very attractive, some effort are still needed to reduce
the facet reflectivity and cross-gain modulation before simultaneous modulation becomes
practical.
As a matter of fact, the potential of these laser arrays is uncertain because manufactur-
ing these sources becomes more and more complex with the number of integrated lasers.
One of their main drawbacks is the high insertion loss into the optical fiber. Moreover,
when one laser diode is broken, it causes a major problem of mainten nce to replace and
fix it. It also means that the user must have many DFB lasers forbackup. Using one DFB
laser for each channel requires complicated procedures formonitoring and controlling ei-
ther temperature or injection current to inhibit wavelength shifts and power fluctuations.
Supercontinuum generationThe use of many laser diodes to form a multiwavelength
source appears to be cost-inefficient, especially when the number of desired wavelengths
becomes large. An other candidate was proposed: supercontinuum generation. The super-
continuum generation is a phenomenon in which an intense pump optical pulse spectrum
is broadened over a continuous range due to non-linear effects in an optical fiber [81].
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The generated spectra extend to both longer and shorter wavelengths from the pump wave-
lengths and can exhibit an almost flat profile by choosing adequate parameters. By using
an arrayed-waveguide-grating (AWG), one mode can be extracted, forming CW light for
transmission.
Even if the number of wavelengths can be very large (up to 1000channels with 12.5
GHz spacing), their use is limited by the noise performance.Th combination of FWM and
ASE during the supercontinuum generation process results in degradation of the coherence
and decrease of the signal-to-noise ratio [82].
Spectrum slicing The use of numerous lasers to form a single multiwavelength source
turns out to be expensive. Efforts have been made to create a single source directly pro-
ducing many wavelengths. One technique consists of using a wide spectrum source, such
as a broadband light-emitting diode (LED) or an amplified spontaneous emission (ASE)
source, and an adequate filter to select the wavelengths; this method is known as spectral
slicing [83, 84].
This technique using broadband light source with spectrum slicing suffers from the
need for the high power front end, as well as the power effici ncy of discarding much
of the available spectrum in the filtering process. Moreoverth se sources may have high
packaging costs.
A similar method consists of building a simple fiber ring laser cavity consisting of
just a gain medium and an intracavity filter [85]. The generated laser output is thus a
multiwavelength CW light. Many filters are commonly employed. For example,
• Fabry-Perot filters [71].
• delayed interferometer: when the two arms of the Mach-Zehndr interferometer have
different path lengths, it acts as a periodic filter [86, 87].
• chirped ladder filter [88].
• Bragg gratings: if sampled or chirped, they act as spectral filters [89]. These chirped
56
gratings allow the separation of the pulses at different wavelengths before their am-
plification.
• filters resulting from nonlinear effects [90]. For instance, in [91], a sampled fiber
Bragg grating initiates the multiple wavelength generationand the number of wave-
length increases through FWM in a high non-linear photonic crystal fiber.
• high-birefringence fiber loop mirror [92, 93]. The idea is tosplit the input optical sig-
nal equally into two counter-propagating signals which interfere at the coupler after
propagating around the loop. This interference will be constructive or destructive de-
pending on the birefringence of the cavity. The loop reflection is indeed wavelength
dependent. This is also called a Sagnac interferometer [94,95].
• intracavity polarizer [96, 97]. In this simple method, a polarizer is inserted in the
cavity containing a birefringent gain fiber. Because of the wavelength dependence of
the phase shift induced by fiber birefringence, wavelength selection occurs.
Gain medium managementIn the previous methods, erbium-doped fiber amplifiers
were largely represented and used as gain media because of their high gain with broad gain
bandwidth and compatibility with fiber-communication systems. The number of wave-
lengths that can be generated in a fiber laser is critically important as it is directly propor-
tional to the system trasnmission capacity. However, the homogeneous character of the
erbium normally poses a major barrier to obtaining a stable multiwavelength emission [14]
at room temperature. Consequently many gain medium management techniques have been
investigated to combat against this limitation. As a matterof fact, scientists observed that
by inserting an intracavity filter associated with an acoustop ic frequency shifter in the
laser cavity, multiwavelength operation was feasible [98]. This frequency shifting forbids
the existence of a stationnary state in the cavity. By coolingthe gain medium in liquid
nitrogen at 77 K, homogeneous broadening of erbium is largely reduced. The disadvantage
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is that this technique is not easily integrated in industrial systems [99]. It is an inconve-
nient method and it may impact the device durability, leading to complexity in component
configuration. In [100], a single piece of erbium-doped twincore fiber is used to provide
an inhomogeneous gain medium through macroscopic spatial hole burning. As the avail-
able gain at each lasing wavelength is partially decoupled from the others, simultaneous
operation of several single frequency modes can be reported.
Compared with EDFA, SOAs can suppress mode competition at room temperature be-
cause of their inhomogeneous gain broadening and facilitate multiwavelength oscillation
with ITU-grid spacing [72, 101]. Unfortunately, SOAs are still not deployed in industrial
networks, even if they are intensively studied in research laboratories. However, they have a
lot of potential for next-generation networks, even if theystill possess relatively high inser-
tion loss. Some other schemes propose to form a hybrid gain mediu by inserting a SOA
into a EDFA-based ring cavity to increase the bandwidth of the gain medium to increase
the number of emitted wavelengths: in such a situation, a uniform and broadband gain
spectrum can be obtained and a stable simultaneous multiwavelength laser operation can
be achieved at room temperature [102, 103]. Recent studies also focus on Raman optical
amplifiers [104] and linear optical amplifiers [105, 106].
Dispersion tuning The previous methods were mainly dealing with multiwavelength
CW light sources. To generate pulses, mode-locking is widelyused and pulses are emitted
when inserting a modulator in the cavity. By adding a modulator to a laser cavity with a gain
medium and a comb filter, it is easy to produce simultaneous multiwavelength generation.
A more difficult task is to emit alternate multiwavelength pulsed light. A method consists
of using dispersion [77, 107, 108]. For instance, in [77], the technique relies on sequentially
self-seeding the modes of a directly modulated laser diode in a dispersion-managed fiber
loop. In this scenario, all the pulse trains arrive at the same ti e at the modulator and
are then temporally separated when traveling through negativ dispersive elements. These
trains continue to propagate and when they arrive at the positive dispersive medium, they
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will propagate at different speeds, so that they will fall into the same transmission window
of the modulator.
This method requires a good optimization of the experimental parameters to synchro-
nize correctly the different pulse trains at the modulator: tunability and upgradability are
the weaknesses of this configuration. Moreover, the number of wavelength generated with
this technique is still limited: between two and ten wavelengths.
Dispersion can also be used to control the emitted wavelengths. Spacing between two
wavelengths emitted by the laser is linked to the modulationfrequency, the cavity length,
and the intracavity dispersion. For given two first parameters, an adjustment of the dis-
persion affects the wavelength spacing. It allows smooth wavelength tuning, which means
that the oscillating wavelength can be continuously tuned by changing either the modu-
lation frequency or the cavity length without interruptingthe stable pulsing state. This
approach offers the advantages of a relatively low cavity loss and a wide tuning range, but
only dual-wavelength pulses have been experimentally demonstrated [109].
Diverse methods Optical sources capable of generating multiple wavelengths have
been intensively investigated and many techniques have been introduced. Here are some
other examples of the methods developed.
A method developed by Chen et al generates dual-wavelength actively mode-locked
pulses in an EDFA-based fiber ring laser. As shown in Figure 31, it uses two nearly identical
serial arrays of fiber Bragg gratings having opposite orientation to spread the pulses before
amplification and de-spread them before time-gating [110]:pulses generated at different
wavelengths pass through the time-gating element simultaneously. Another demonstration
was made with two nearly identical linearly chirped fiber Bragg gratings [76]. This prin-
ciple is interesting but becomes less practical when the number of wavelengths increases.
Moreover, fiber Bragg gratings generally result in highly chirped pulses.
In the case of multiwavelength mode-locked pulses, since the round-trip time for each
















Figure 31: Schematic diagram of an alternate multiwavelength laser source using fiber
Bragg gratings (MOD: modulator).
mode-locking condition for each wavelength: the arrival time of each pulse must be coin-
cident. One solution is to use multi-cavities of different lengths with only one gain medium
[111, 112]. The main drawback with this method is that it requires a lot of effort to adjust
carefully the lengths of the different cavities.
A simultaneous generation of multiwavelength short pulseshas been demonstrated by
self-injection of a laser diode [113]. The idea is to use a gain-switched laser diode in an
external cavity. Owing to the quasimonochromatic nature ofthe self-seeded gain-switched
laser output, the multiwavelength operation can be reachedby introducing many wave-
lengths elements back into the diode provided that the repetition frequency is a multiple of
the round trip propagation frequency for each pulse. The wavelengths are selected by the
use of multiple optical paths in an external cavity consisting of a grating, a beam splitter,
and two mirrors. Three 0.9 nm spaced wavelengths are generatd with tunability over 14
nm.
A widely used set-up uses sigma laser configuration. Typically, it comprises a loop in
which an electro-optical modulator is included to create mode-locked pulses and at least
one arm coupled to the loop by the means of a power beam splitter. In the arm of the
laser, fiber Bragg gratings are used to play the simultaneous role of wavelength-selective
mirrors, tunable optical filters, and output fiber couplers.To obtain simultaneous multi-
wavelength operation, different schemes have been exposed: the gratings can be put in
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series [114] or in parallel, forming multiple arms [115].
Recently time-lens compression has been proposed [116]. Pulses are formed by pulse
carving before being sent into a time lens. In addition to pulse compression, it also displaces
the pulses according to their center wavelengths. Alternating multiwavelength trains are
thus produced.
3.3.4 Laser sources in WDM-PONs
Many issues have to be solved when deploying a PON system as wedescribed previously.
In a WDM context, the question of light sources is of prime interest because cost-eff ctive
solutions have to be found to be commercially competitive. As no active element is allowed
in the distribution network, light sources represent an issue at the ONU (customer side) and
at the OLT (central office side). In this paragraph, we will briefly describe the technologies
that have already been studied.
To send an upstream signal, the most straightforward solution to implement the ONU
transmitter is to use a stabilized laser source. A solution consists of employing dedicated
lasers for each specific ONU. Fabry-Perot lasers are the lessexpensive sources, but the
upstream bit rate will be limited and stabilization of the emitted wavelength might require
bulky optics and power-hungry electronics [117]. Link reach can also be limited by the
mode partition noise, because multiple longitudinal modesare excited in a Fabry-Perot
laser. To excite only one designated wavelength, researchers have proposed an injection-
locked technique [62]. In this case, the laser behaves as an ocillator that synchronizes with
external excitation and modulation index, laser bias current, and the power of the injected
signal must be carefully chosen to optimize the efficiency of the system. Moreover, using
one specific source for each user becomes considerably expensive when the number of
subscribers becomes large. The objective is to avoid wavelength specific ONUs to decrease
the costs of operation, administration and maintenance functions. Since mass production
becomes possible with just one specification, production costs will also decrease.
For these reasons, many alternatives have been proposed [60, 61]. The first one is to
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use a tunable light source without wavelength stabilization at each ONU, but with wave-
length monitoring functionality in the OLT. However, tunable lasers are still expensive for
access networks solutions. In the future, VCSEL have the potential for low-cost mass pro-
duction and when tunable VCSEL around 1550 nm will become a mature technology, it
might be an ideal candidate for WDM-PON. A second approach is to employ a light source
with broadband optical spectrum, such as light emitting diode, at each ONU. The signals
generated by the ONUs are then spectrally sliced by AWGs [118]. This system is low
cost, but the power after spectral slicing is low and thus thelink reach can be limited. The
last option is to use an external lightwave provided by the OLT and to simply employ a
modulator in the ONU: the light source is centralized at the OLT. For this option, different
configurations have been suggested and demonstrated. Many ONUs models have been sug-
gested by using different modulation formats for upstream and downstream transmission or
by using amplitude signal regeneration and advanced devices: for instance frequency-shift
keying/intensity modulation [119] and differential phase-shift keying/remodulated on-off
keying [120] have been demonstrated. One idea is to use a remodulating loop composed of
a circulator, a modulator, and a gain medium to boost the signal [121]. Many schemes use
reflective SOA (RSOA) for remodulation for the upstream transmis ion [122, 123, 124].
Prat et al use a single RSOA in the ONU performing two operations: detection but also
modulation and amplification [125].
3.4 Conclusions
This chapter was dedicated to the introduction of broadbandaccess networks techniques.
We particularly emphasized the passive optical networks that are at the center of our study.
We presented the different light sources that can be used in such networks. We pointed
the interest and the need for multiwavelength laser sourcesto achieve cost-efficient sys-
tems. This kind of source is the main object of our work. In thenext chapter, we will
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introduce a new type of sources that we designed, developed,built, and tested: an alter-




ALTERNATE MULTIWAVELENGTH PULSED FIBER LASER
Mode-locked lasers emitting picosecond pulses around the 1550 nm region are potential
signal sources for high bit rate communication systems. To reduce the cost and increase
the capacity of future systems, recent studies focused on the creation of multiwavelength
sources. They are expected to find wide applications in the practical implementation of two-
dimensional optical code-division multiple access (OCDMA)[126] and photonic analog-
to-digital conversion [127]. The proposed work studies thedesign of a novel architecture
with alternate multiwavelength behavior. The successive multiwavelength pulsed operation
is reached in an actively mode-locked erbium-doped fiber laser in which an unbalanced
Mach-Zehnder interferometer (UMZI) has been introduced.
The following sections introduce the general principle of this specific fiber laser setup.
Then, we report the theoretical, numerical, and experimental results of the multiwavelength
generation.
4.1 Presentation of the source
4.1.1 General principle
The main objective is to produce picosecond pulses at GHz repetition rates in the third
telecommunication window, i.e., in the 1550 nm region. Spacing between emitted wave-
lengths should be on the order of some nanometers. As shown inFigure 32, the setup
comprises an erbium-doped fiber amplifier (EDFA) as gain medium, a polarization con-
troller, an output coupler, and an UMZI [128].
To generate the alternate multiwavelength emission, two basic operations are needed,
pulse generation and wavelength selection. To do so, two different techniques are used:
active mode-locking and tunable filtering. The originalityof our scheme is to use the UMZI
as a single device to realize both operations. A similar principle was first used by Olsson












Figure 32: Schematic diagram of the alternate multiwavelength laser.
When no radio-frequency (RF) signal is applied onto the UMZI, it behaves as a spectral
filter, with a sinusoidal frequency transfer function and a free spectral range (FSR) of 60
nm. Upon the application of a time-varying electrical signal, this transfer function shifts
accordingly. Equivalently, each wavelength sees a different temporal transfer function that
depends on the bias of the UMZI and the frequency and modulation depth used. This
results in a wavelength-dependent mode-locking conditionand in an alternate generation
of pulses at different wavelengths. In the time domain, for a specific wavelength, the UMZI
acts as an intensity modulator and thus will concentrate theenergy of the cavity under the
maxima of its transfer function. It will produce optical pulses by active mode-locking. To
reach Gigahertz repetition rates, harmonic mode-locking is used, i.e., the UMZI is driven
at a harmonic of the fundamental frequency of the cavity.
To obtain an alternate multiwavelength operation, it is necessary for the maxima of the
ouput power of the UMZI for different wavelengths to alternate. Figure 33(a) shows an
example of an alternate dual-wavelength pulse emission. Inthis situation, the maxima of
the output power for wavelengthλa correspond to the minima of the output power forλb.
We can observe that the bias point of the modulator is on the positive slope linear part of
the transfer function forλb and on the negative slope linear part forλa. Figure 33(b) shows
the alternate generation of multiwavelength pulses when thbias point is near a maximum
of the transfer function. It leads to a frequency doubling situat on: the pulses are emitted at





























(b) bias at the maximum
Figure 33: Principle of the multiwavelength pulse generation with an UMZI.
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4.1.2 Possible applications
Code Division Multiple Access To meet the dual demand for high speed and high
security communications, an alternative all-fiber access ntwork technology has been pro-
posed: Code Division Multiple Access (CDMA). This spread spectrum (SS) technique is
frequently used in radio networks. At the origin, SS systemshave been developed for mili-
tary applications, where resistance to jamming is obviously primordial. Other applications
were found in the civilian domain, such as in multiple accesscommunications.
In this type of architecture, transmitted signals have a bandwidth much greater than
the effective message bandwidth. This appears to be a method of building the information
bearing signal: it makes the signal have a noise-like appearance so as to blend it into the
background.
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Figure 34: Typical CDMA architecture.
Multiplexing and band spread are achieved by assigning eachuser pair a different
spreading code, generally called a pseudo-noise (PN) sequence, that is independent of the
message. A typical schematic of CDMA systems is represented iFigure 34. Each trans-
mitter sends data through a CDMA encoder, using a specific PN sequence. All the different
signals are then transmitted simultaneously through the shared network. On the other side,
each receiver collects its specific message as well as the other in erfering signals. A CDMA
decoder will employ a replica of the assigned code in order todespread the signal to recover
the message corresponding to a specific user.
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user code 2 user code 3
Figure 35: Examples of user codes for CDMA.
By emitting successive pulses at different wavelengths, codes associating one time slot
with one wavelength can be implemented. The alternate multiwavelength source might
enable the implementation of two-dimensional wavelength-time optical CDMA [130, 131,
132, 133]. This two-dimensional codes are generally represent d by two-dimensional spa-
tial signature patterns, as shown in Figure 35. In this case,codes use 4 time slots and 4
wavelengths. The code weight is thus equal to the number of black squares: in the exam-
ple, the code weight is 3. We can notice there is no specific restriction: one time slot can
have two wavelengths (multiple pulses per column), and one wavelength can be present at
two different times (multiple pulses per row). We can note that reseach groups also work
on three-dimensional codes: time, frequency, and space, for instance [134].
Photonic analog-to-digital conversion For real-time data transmission, ultra-high
speed sampling is required. To overcome the electronics bottleneck, multiwavelength pulse
trains can be used [127, 135, 136, 137]. The idea is to use the wav length multiplicity to
increase the sampling rate of analog-to-digital converters, as shown in Figure 36.
Optical demultiplexing The multiwavelength source generates alternate pulse trains
at different wavelengths. This laser might be used to demultiplex asignal, as represented
in Figure 37.
In this example, we suppose that at the emitter, three channels ar multiplexed in the








































































Figure 37: Principle of temporal demultiplexing by using a multiwavelength laser.
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At the receiver, by using nonlinear eff cts (χ3), this train will interact with the three-
colors (λ1, λ2 andλ3) train, called “control”, produced by the multiwavelengthlaser. It
leads to the generation of three new wavelengths (λt, λv andλw) that we can separate by
using adequate filters: thus the signal is demultiplexed. Essential to the operation, we


















































Figure 38: WDM/TDM converter.
By looking more precisely, this scheme might also be considered as an optical time
division multiplexing (TDM) / wavelength division multiplexing (WDM) converter. By
adapting this technique, as shown in Figure 38 with four channels, we might also think
of a WDM/TDM converter, but the requirements seem to be more stringent. The different
channels at the output of the converter should be exactly at the same wavelength. Thus,
such a system might be difficult to practically implement.
Other applications This new type of laser might also be useful in other situations.
Such a source can be used to test optical components. For instance, a tunable multiwave-
length laser allows the measurement of the polarization-mode dispersion in optical fibers
[138]. A multiwavelength laser is also employed for applications in differential absorp-
tion Lidars [139]: these devices are used to monitor trace gases. In [140], a system is
introduced that combines a mode-locked fiber ring laser withintra-cavity spectroscopy to
distinguish between different gas cells. It is a multiplexed network that would reduce the
cost per point by sharing the same fiber source and the same signal-processing unit. When
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the laser is locked at a gas absorption line, the cavity loss increases and the output power
decreases because of absorption. The change of output powercan be related to the change
of gas concentration and in this way, the weak gas absorptioncan be amplified and easily
measured.
The medical application of lasers is also an active field: forinstance, for coagulating
and anastomosing or for cutting and ablation. New applications are being explored because
of the availability of new multiwavelength sources. Delivery of multiple energy sources to
a tissue site thanks to one single device could be very helpful [141].
4.1.3 UMZI model
By inserting the UMZI in the cavity, pulses will be formed by active harmonic mode-
locking. The chosen gain medium is an EDFA, leading to a gain bdwidth of approx-
imately 40 nm. The free spectral range of this filter is related to the optical path length
difference between the two arms of the interferometer and is chosen t be equal to 60 nm.
Therefore, only one maximum of the transfer function will belocated under the EDFA gain
curve. By applying a sinusoidal voltage to the UMZI, the maximum of the filter will shift
under the C-band and select one specific wavelength for each moment.











Figure 39: Wavelength selection by tunable filtering.
The complex amplitude field at the output of the UMZI,Eout(t), is related to the input


















whereτ is the delay introduced by the unbalanced interferometer, assumed to be of the
form τ(t) = τ0 + ∆τ sin(Ωt), whereΩ is the modulation frequency of the UMZI. Electric
























whereω is the angular frequency, in the neighboorhood of a reference ω0. Considering
that the low-frequency temporal envelope of the input field slowly varies during timeτ, the




























The extrema ofH are given by the extrema of the cosine function, that is, the angular




= 2π fkmax, (56)
where fkmax is a frequency maximum of orderk ∈ N. Thus, we also have
ωmax =
4kπ








whereω0 is chosen to be a maximum of transmission for the filter att = 0: ω0 = 4kπ/τ0.

















This allows the prediction of the theoretical evolution of the maximum of the transfer func-
tion of the UMZI as a function of time, and thereby of the emitted wavelength.
4.2 Theoretical analysis
In this section, we report the theoretical study of the proposed multiwavelength source
[142]. Temporal and spectral parameters of the produced pulses are derived analytically by
using a circulating Gaussian pulse analysis [39].
4.2.1 Extended UMZI transfer function
The signal at the input of the UMZI is assumed to be Gaussian:
X(t) = Aexp(iω0t − Γt2), (61)
whereΓ = α1 − iβ1 is the complex Gaussian pulse parameter andω0 the angular reference


























































+ tτ(t)(β1 + iα1)
)
. (64)
Asω0 is chosen to be a maximum of transmission for the filter att = 0 and since the delay





1 , the transfer function of the UMZI is proportional to
Y(t)
X(t)





































Strictly speaking, this is not a true temporal transfer function as it depends on the input
pulse parameters. Nevertheless, for clarity’s sake,Tp(t) will be designated as the UMZI
extended transfer function.
4.2.2 Circulating Gaussian pulse analysis
As shown in Figure 32, the starting pulse in the cavity is described by a Gaussian enve-
lope:
f1(t) = Aexp(iω0t − Γt2), (69)
whereΓ = α1 − iβ1 is the complex Gaussian pulse parameter andω0 the angular reference
frequency. By computing its Fourier transform, we obtain
F1(ω) = Bexp
(













The pulse propagates through the EDFA, modeled as a Gaussianspectral transfer function:
g(ω) = exp
(





where∆ω is the gain bandwidth. At the ouput of the gain medium, the resulting pulse is
described in the spectral domain by
F2(ω) = F1(ω)g(ω) (73)
= Bexp
(








(∆ω4α1 + 4∆ω2(α21 + β
2
1)) − iβ1∆ω4
(∆ω2 + 4α1)2 + (4β1)2
(75)
= α′1 − iβ′1. (76)
The pulse is then





The pulse then goes through the UMZI and asα′1 ≈ α1 andβ′1 ≈ β1, it can be depicted at its
output by
f3(t) = f2(t)Tp(t) (79)
= 2B
√





























































The non-zero value ofβ1 indicates that the pulse is chirped.
We also calculate that
α1 =
(∆ω4α1 + 4∆ω2(α21 + β
2
1))
















Finally, the full-widths at half-maximum (FWHM) of the pulsein the time domainτp and
































We can note that if the gain medium is infinitely flat, the valuefor β1 does not change,
whereasα1 becomes zero, indicating a continuous laser emission with variable frequency.
4.3 Pulse characterization
To analyze the results obtained with the proposed laser, it appe rs necessary to introduce
the different methods used to characterize the generated pulses.
4.3.1 Main parameters
The first objective of the laser is to generate picosecond optical pulses. Let us character-
ize them, both in the time and frequency domains.
Time domain An optical field can be described by an analytical signal
E(t) = ℜ{
√
P(t) exp[iω0t + iφ(t)]
}
= ℜ{E(t)}, (87)
where P(t) is the power andφ(t) the instantaneous phase. It leads to introduce the instanta-
neous frequencyωi(t)




Consequently, if the instantaneous phase is constant, the opical field oscillates at the carrier
frequency. However, if this phase varies, the instantaneous frequency varies also. It is
called the chirp phenomenon.
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An optical pulse can be described by its intensity profile. Wecan focus on its peak or
mean power. Another important characteristic is the pulse duration. We will consider the
full width at half maximum (FWHM) pulsewidth in this document.












and the instantaneous frequency is
ωi(t) = ω0 + 2bt. (91)
It explains the term of linear chirp used in this case.
Frequency domain Similarly, the field can be expressed in the frequency domainby








P̂(ω − ω0) exp(−iφ̂(ω − ω0)), (93)
wherêφ(ω−ω0) is called spectral phase. In this frequency domain, we alsodefine pulsewidth
at half maximum∆ f . Hence, we can define the time bandwidth product (TBP), equal to
TBP= ∆τ∆ f . (94)





































As a consequence, an unchirped Gaussian pulse (for which b=0), TBP is about 0.44.
Evolution of the spectral pulsewidth as a function of the temporal pulsewidth is given





















Finally, we can distinguish two cases:















Figure 40: Case where chirp dominates.















Figure 41: Case where chirp does not dominate.
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Time, phase, and amplitude jitters Generated pulse trains are rarely perfect. They
undergo many fluctuations, called jitter. It can affect time, phase, or amplitude [143, 144].
These variations are represented in Figure 42. Amplitude jitter gan corresponds to fluctua-
tions in magnitude. Time jitter gtn occurs when the pulse maxima are not regularly spaced.
Lastly, phase jitter gpn introduces phase changes between pulses. These phenomena are






Figure 42: Scheme of time, phase, and amplitude jitters.
4.3.2 Used techniques
We will focus now on these parameters measurements. A methodto evaluate them uses
the intensity autocorrelation function by second-harmonic generation [145]. Assuming the
pulse shape, its intensity profile can be found. Although this technique is sensitive and easy
to use, it cannot characterize skewness. Moreover, this method does not give information
on the phase profile of the signal.
As direct measurements of the phase are impossible, indirect techniques are used. One
of the most popular technique if the frequency resolved optical gating (FROG) technique
[146]. It is based on the autocorrelation spectra at different temporal positions. The ampli-
tude and phase of the signal are then reconstructed.
In our study, the main goal is to validate the alternate multiwavelength operation. Two
methods can be employed. The first technique is to perform a temporal windowing and
to record the spectrum of every temporal optical pulse. The second method consists of
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implementing a spectral windowing. It simply consists of inserting a filter at the laser
output and to observe its behavior in the temporal domain. Wewill use this technique. The
bandwidth of the filter must be carefully chosen to correctlyisolate each pulse.
In the temporal domain, a 30 GHz photodiode and a sampling oscilloscope are used to
detect pulses up to 10 or 20 ps, at repetition rates of severalGHz. In the spectral domain,
the main characteristic is the central emitted wavelength for each pulse. An optical spec-
trum analyzer with 0.07 nm resolution will be used and a 1.2 nmbandpass tunable optical
filter will be employed at the laser output to operate the spectral windowing. The spectral
windowing is chosen to accurately determine the spectral content of each pulse train. If
the laser output is sent to an adequate demultiplexer to use as many oscilloscope inputs as
channels, all pulse trains at different wavelengths could be displayed simultaneously on the
screen. However, this method is limited to small number of wavelengths.
To validate the alternate multiwavelength operation of oursystem, we will also use
spectrogram that represents instant frequencies present in a signal as a function of time.
This representation can be very helpful as chirp and pulsewidth can be evaluated.
4.4 Multiwavelength generation
The key element of our setup is the UMZI. We describe in detailand present some nu-
merical and experimental results that validate the principle of the alternate multiwavelength









Figure 43: Scheme of an unbalanced Mach-Zehnder interometer.
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4.4.1 UMZI practical description
The device used in the experiments is a component specially designed by us and fabri-
cated by Photline Technologies for our application. It is made of two Y-junctions linked
together by two arms of different lengths: one short linear arm of lengthLS and one long
one of lengthLL.
The interferometer is in a push-pull configuration for radio-frequency (RF) electrodes,
i.e., voltages applied on both arms are equal but opposite. However, direct current (DC)





Figure 44: Transmission of a Mach-Zehnder interferometer.
Transmission of a Mach-Zehnder interferometer is given by the ratio of optical pow-
ers at its input, Pin(t), and output, Pout(t). The half-wave voltage Vπ corresponds to the
voltage applied to cause a phase shift ofπ. In our case, for RF electrodes, Vπ is equal
to 5 V, whereas it is 15 V for DC electrodes. Experimentally, we can measure the half-
wave voltage of DC electrodes by applying different bias voltages to make a maximum of
transmission become a minimum, as shown in Figure 45.
This interferometer is an integrated annealed proton exchanged LiNbO3 10-Gb/s inten-
sity modulator that includes a fixed optical path length difference of 40µm between its
two arms. Its free spectral range is 60 nm. The used crystal isin a X-cut, Y-propagation

























































































(c) voltage V=15 V
Figure 45: Transmission of the UMZI for different DC bias voltage to measure Vπ for DC
electrodes.
82
Scattering parameters, or S-parameters, are the reflectionand transmission coefficients
between the incident and reflection waves. Parameters S11, reflection coefficient at the
input, and electro-optic transmission coefficient were measured with a vector analyzer and
are depicted in Figure 46. The second coefficient was obtained by using a photodetector at
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(b) electro-optic transmission coefficient
Figure 46: Experimental parameters of the UMZI.
4.4.2 Numerical simulations
4.4.2.1 Modeling
Numerical simulations of the laser operation are undertaken to give a qualitative behavior
and a physical description of the multiwavelength source [149]. They are carried out by
injecting a weak noise field and allowing it to numerically evolve to a steady state subject
to the action of the various components shown in Figure 32.
EDFA To model the EDFA gain medium, we need to consider the gain factor by
itself, but also the amplified spontaneous emission (ASE) noise. To take into account the
gain saturation phenomenon, the amplifier power gain is assumed to be
g =
g0




whereg0 is the small-signal gain,Pmean the mean power, andPsatin the saturation power at




The used model corresponds well to the expected behavior:
whenPmean→ 0, we have g→ g0, (102)
whenPmean→ ∞, we have g→ 0. (103)
If (Pmeann)n∈N represents the series of the signal mean powers for loopn and (gn)n∈N the
series of EDFA gains for loopn, we obtain













A = (g0 − 1)Psatin , (107)
≈ Psatout, (108)
wherePsatout is the saturation power at the output of the EDFA.
In our simulations, the small signal gaing0 is 30 dB and the saturation power at the
EDFA inputPsatin is -10 dBm.
The ASE noise of the EDFAn(t) is modeled by a white Gaussian field with an autocor-
relation function given by
< n(t)n∗(t′) >= 2(g− 1)~ω0nspδ(t − t′), (109)
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whereω0 is the reference optical frequency,nsp is the spontaneous emission noise factor,~
the Planck’s constant andδ the Kronecker’s symbol. IfEin(t) is the input signal, the output
signalEout(t) is given by:
Eout(t) =
√
gEin(t) + n(t). (110)
Light propagation To simulate light propagation in the ring cavity, and especially in
the optical fiber, we use a non-linear partial differential equation as mathematical model
and a classical numerical method to solve it.
NLSE The non-linear Schrödinger equation (NLSE orMaster Equation) is a mathe-
matical representation for the propagation of light through fiber. If the propagating field
amplitude is given by
E(r, t) = F(x, y)A(z, t)ei(βz−ω0t), (111)
where A(z,t) is the slowly varying envelope component, the NLSE can be expressed from


























whereα represents the absorption coefficient,γ = n2ω0c0Ae f f is called the non-linearity coeffi-
cient,Ae f f is the effective core area,n2 is the non-linear index coefficient, andTR is defined
as the first moment of the non-linear response function. In this equation, a frame of refer-
ence moving with the pulse at the group velocityvg is used by making the transformation
T = t − z
vg
. (113)
As we work with pulses larger than one picosecond, the last two erms of Equation 112 can
be neglected.
Split-step Fourier method The NLSE equation is a non-linear partial differential equa-
tion, which in general does not have an analytical solution.Hence, a numerical approach is
needed to solve this equation. The split-step Fourier method [150] is widely used to solve
the pulse propagation problem in non-linear dispersive media. This is a finite-difference
method, close to the beam propagation method.
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whereA = A(z,T). The two operators are












N̂ = iγ|A|2. (116)
D̂ is a differential operator that includes dispersion and losses in a line r medium.N̂ is a
non-linear operator that includes the effects of fiber non-linearities.
If we consider that̂N does not depend on distance z, we have:
A(z+ h,T) ≈ exp[h(D̂ + N̂)]A(z,T). (117)
Dispersion and non-linearity are considered to act independently. The numerical method
becomes:
• The fiber is divided in small segments of lengthh.
• The non-linearity part̂N is computed at each segment.
• The dispersion̂D is then computed on each segment.
Hence, for each segment
A(z+ h,T) ≈ exp(hD̂)exp(hN̂)A(z,T). (118)
A(z,T)
dispersion only non-linearity only
z=0 h
Figure 47: Split-step Fourier method principle.
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The operatorŝN andD̂ are non-commuting, i.e.,
[D̂, N̂] = D̂N̂ − N̂D̂ , 0. (119)
From the Baker-Hausdorff formula, for two non-commuting operatorsâ and̂b, we have
















+ . . .
]
. (120)
Thus, in this case, this method is accurate to second order inthe step sizeh.
Exponential operator exp(hD̂) is analytically computed in the Fourier domain
exp(hD̂)B(z,T) = FT−1 exp[hD̂( jω)]FT B(z,T), (121)
whereFT is the Fourier transform andFT−1 its inverse.
The accuracy of the split-step Fourier method can be improved by adopting a symmetric
form of exponential operator. Each segment is divided in twoand















In this technique, the effect of non-linearity is concentrated in the middle of the segm nt
rather than at the end of the segment. Since we use symmetric form of exponential oper-
ators, it si called the symmetrized split-step Fourier method. This approach is accurate to
third order in the step size h.
Finally, in the simulations, the UMZI is modeled using a discretized version of Equa-
tion 62.
4.4.2.2 Simulation results
Figures 48(a) and (b) display the temporal trace and spectrum of the signal at the laser
output when the parameters of the simulation are chosen to beτ0 = 1.33 10−13 s, ω0 =
1.216 1015 rad/s,Ω = 7.18 1010 rad/s,∆τ = 8.52 10−16 s, and∆ω = 23.55 1012 rad/s. In this
case, the dispersion in the cavity is set to 0 ps/nm/km. The round-trip length of the cavity
is 20 m, and the results shown are obtained after 200 loops, when the signal is stabilized to
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a steady state. For this repetition rate of fm = Ω/2π =11.33 GHz, two successive trains at
two different wavelengths (λe=1540 nm andλ f=1560 nm) are observed.
Table 2: Simulation parameters for alternate multiwavelength generation.
parameter value
g0 30 dB
τ0 1.33 10−13 s
∆τ 8.52 10−16 s
ω0 1.216 1015 rad/s
Ω 7.18 1010 rad/s
∆ω 23.55 1012 rad/s
dispersion 0 ps/nm/km
cavity length 20 m
Ae f f 80 10−12 m2
fiber loss 0.2 dB/km
n2 3 10−20 m2/W
γ 1.5 W−1/km
The pulse widths are recorded to be 7 ps and 6.5 ps, yielding a time-bandwidth product
(TBP) of 0.72 and 0.61, respectively. As expected in a mode-locked operation, two succes-
sive pulses of the same train are separated by 1/fm=88 ps. Figure 48(a) also indicates the
temporal transfer function of the UMZI forλe andλ f , and Figure 48(b) its spectral transfer
function att1=-32 ps andt2=-76 ps. It emphasizes the fact that each wavelength sees a
different temporal transfer function and that a specific position of the filter corresponds to
a precise moment.
The multiwavelength pulsed laser operation is conveniently examined in the time - fre-
quency domain through the pulse spectrogram [146]. Figure 49(a) shows the spectrogram










































































Figure 48: Laser output obtained by simulation with corresponding temporal and spectral
transfer function of the UMZI







































Figure 49: Spectrograms obtained by simulation with a (a) Gaussi n and (b) an infinitely
flat gain medium.
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In comparison, Figure 49(b) shows the spectrogram obtainedwhen the gain is not as-
sumed to be Gaussian anymore, but infinitely flat. As expectedin the previous circulating
Gaussian pulse analysis, it can be observed that a continuous emission with changing fre-
quency is produced. In this case, the UMZI is the only frequency-selective element in the
cavity and thus imposes the emitted wavelength through the evolution of the maximum
ωmax of its transfer function, as described by Equation 59. This ob ervation indicates that
the filtering action of the UMZI prevails in achieving multiwavelength operation, but that
the Gaussian gain of the EDFA acts as an extra intra-cavity filter to select precise wave-
lengths at specific times.
4.4.3 Experimental results
A photograph of the experimental setup is shown in Figure 50.All the main components
used in the following experiments are detailed. The amplifier us d is a gain-flattened EDFA
(Keopsys model 1 060 234). Figure 51 represents the EDFA small-signal gain (reached for
an input power of -7 dBm) and the spontaneous emission noise (obtained for a pump cur-













Figure 50: Photography of the experimental setup.
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Figures 52 (a) and (b) display the temporal trace and spectrum of a signal at laser
output, respectively. The experimental parameters areτ0=1.33 10−13 s,∆τ=1.9 10−15 s, and
λ0=1550 nm. The repetition rate is 3.8 GHz and the measured intracavity dispersion is less



















(a) small signal gain

























(b) spontaneous emission noise
Figure 51: EDFA experimental characteristics.
Three successive trains at three different wavelengths (λ1=1543.2 nm,λ2=1549.6 nm,
andλ3=1562.5 nm) are observed using an optical spectrum analyzer with 0.07 nm reso-
lution and a sampling oscilloscope with a 30 GHz photodiode.The wavelength of each
pulse is identified by adding a 1.2 nm tunable bandpass optical filter at the laser output, and
the pulsewidths are recorded to be 24, 25, and 38 ps, yieldinga time-frequency product of
0.81, 1.06, and 1.85, respectively. Since the center wavelength of the filter varies with time,
the generation of chirped pulse is expected and verified. Theory and Equation 86 predict
pulses of width equal to 3.4 ps with a time-bandwidth productof 0.89. The obtained values
are slightly different in the experiment and may be attributed to two main factors: the be-
havior of the gain medium, both homogeneous and inhomogeneous, is more complex than
our model and laser emission does not occur at a maximum of sliding as supposed in the
theoretical circulating Gaussian pulse analysis. The three wavelengths’ operation is stable
for some hours at a constant room temperature. Nevertheless, since no stabilization system
has been implemented, fluctuations of the peak power are observed.
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Figure 53: Theoretical evolution of the maximum of the transfer function of the UMZI as
a function of time (solid line) and experimental behaviors (points).
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The time locations of these emitted wavelengths are plottedin Figure 53, as well as
the theoretical evolution of the maximum of the transfer function given by Equation 60.
Experimental behaviors ofλ1 andλ3 are in good agreement with the expected behavior.
However,λ2 is not accounted for by the filter transfer function. This might indicate that,

























Figure 54: Full-width at half maximum pulsewidth as a function of modelocking frequency
for the three emitted wavelengths.
As shown in Figure 54, the three pulse trains-three colors operation of the laser has
been observed at different harmonics of the frequency axial mode separation for arange
from some megahertz up to 3.8 GHz. As expected in a mode-locked onfiguration, the
pulsewidth decreases with an increase of the modulation frequency [39].
Typically, the large homogeneous broadening occurring in the EDFA causes mode com-
petition in a 10 nm window around each laser oscillation and prevents the emission of
closely separated wavelengths [152, 153]. Nevertheless, as mentioned in [76], temporal-
spectral multiplexing helps overcome homogeneous broadening in multiwavelength pulsed
lasers. In this laser, the wide separation of the emitted wavelengths (about 6 and 13 nm)
seems to be inherent to the specific mode-locking technique used. The large FSR of the
UMZI and the necessary adequation between the location of the pulse in the time domain
and its spectral content, in the absence of any other constrai t, are imposing such widely
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separated wavelengths. The exact emitted wavelengths are determined by local extrema of
the gain curve of the EDFA.
4.5 Conclusions
In this chapter, a new original type of mode-locking has beend monstrated on the dual
use of an unbalanced Mach-Zehnder interferometer that has been inserted inside an erbium-
doped fiber ring laser. The UMZI serves both as active mode-locker and tunable filter. The
design and the theoretical study of the laser display the anticipa ed alternate multiwave-
length operation. The implemented prototype was able to generate pulse trains at three
separate wavelengths.
The repetition of the pulses was set by the UMZI modulation frequency. And the optical
wavelength of each pulse was determined by the interaction between the bandwidth of the
erbium doped fiber amplifier gain and the UMZI modulation frequ ncy.
This first proof of concept showed significant jitter on the amplitude of the optical
pulses, as well as variations in temporal and spectral spacings between the different pulse




IMPROVEMENTS OF THE MULTIWAVELENGTH PULSED
LASER
In the previous chapter, we numerically and experimentallyvalidated a technique to
generate successive pulses at different wavelengths using an actively mode-locked fiber
laser in which an UMZI is inserted. In this chapter, we will focus on the improvements that
can be achieved for this new fiber laser source.
The drawback of the alternate multiwavelength source is that times and wavelengths at
which the emission of pulses occur are not fully controlled.We demonstrate in this section
a technique to set the emission of time-wavelength interleaved pulses on a predetermined
grid.
Moreover the source is a mode-locked fiber laser, hence it suffer from many defects:
jitter and lack of stability. This chapter will introduce a novel technique we developed to
address this situation: the multi-harmonic phase modulation (MHPM).
Finally, we will present other possible improvements of thebehavior of this alternate
multiwavelength laser.
5.1 Control of the multiwavelength emission
From inspection of Figure 53, we can observe that pulses atλ1 ndλ2 are separated by 6.4
nm in the Fourier domain and by 44 ps in the time domain, whereas those atλ2 andλ3 are
separated by 12.9 nm and 147 ps. Besides, those atλ3 ndλ1 are separated by 38 ps. It
is clear that variations in both temporal and spectral spacings appear. It is primordial to
overcome these fluctuations and to have a better control of the source for practical use and
applications of such a laser source.
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5.1.1 Control in the time domain
Emitted pulses can be controlled with an additional modulator. For instance, a conven-
tional intensity modulator (IM), integrated on LiNbO3, is added in the ring cavity, as shown
in Figure 55. The IM is synchronously driven at a modulation frequencyfim equal to an
integer multipleN of the UMZI modulation frequency. Thus, ifk pulse trains atk different
wavelengths are generated by the UMZI, these pulses will also have to satisfy the mode-
locking condition for the additional intensity modulator.This new constraint imposed by
the IM fixes the temporal spacing between two successive pulses to an integer multiple
(within 1 andN) of the inverse of the modulation frequencyfim. It locks the emission of









Figure 55: Multiwavelength laser controlled in time.
5.1.1.1 Modification of the Gaussian analysis
The theoretical analysis described in section 4.2 can be slightly modified to include the
effect of the IM in the cavity.


















whereΩm is the modulation frequency of the UMZI. Chirp is still considered to be max-
imum atω0. The intensity modulator has no path length difference between its two arms












whereΩim = NΩm is the modulation frequency of the conventional modulator and ∆τim
its modulation depth. Thus, if we consider an infinitely flat gin, after one loop, the input
pulse f1(t) becomes
f3(t) = f1(t)T(t)Tim(t). (126)
The two signals have to be equal for a steady-state solution and





1 − α21) + 18ω20∆τ2imN2Ω2m+ 18ω20∆τ2Ω2m+ 12ω0∆ττ0Ωmβ1
β1 = β1 − τ20β1α1 − 12ω0∆ττ0Ωmα1
(127)







We can note that the value ofβ1 computed in this case is equal to the one determined in



























1 − α21) + 18ω20∆τ2imN2Ω2m+ 18ω20∆τ2Ω2m+ 12ω0∆ττ0Ωmβ1
β1 = β
′




1 are defined by Equation 75 and Equation 76. By using the same approxi-
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(b) spectral pulsewidth
Figure 56: Pulsewidths evolution as functions of the UMZI modulation frequency (with
ω0 = 1.216 1015 rad/s, τ0 = 1.33 10−13 s,∆τ = 2 10−15 s,∆τim = 1.3 10−15 s,






























Figure 57: TBP evolution as a function of M (withω0 = 1.216 1015 rad/s,τ0 = 1.33 10−13
s, ∆τ = 2 10−15 s, ∆τim = 1.3 10−15 s, ∆ω = 7.85 1012 rad/s andΩ = 2 109
rad/s).
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The addition of the IM does not change the chirp value ofβ1, but only the value ofα1,
and thus of the pulsewidth. The chirp is solely due to the frequency sweeping of the UMZI.























































Figure 56 shows the theoretical evolution of temporal and spectral pulsewidths as a
function of the UMZI modulation frequency, when the IM modulation frequency is three
times the UMZI modulation frequency. We observe that the TBP is independent ofΩ when
the other parameters are fixed. The TBP depends more on the ratio M=Ωim/Ω, as shown in
Figure 57.
5.1.1.2 Numerical simulations
The influence of a conventional IM in the cavity aids to control the timing of the emitted
pulses. Synchronously driven at an integer multiple,N, of the UMZI modulation frequency,
the IM locks the emission of pulses on a temporal grid, while th central wavelength is
determined by the UMZI.
Figure 58 shows the simulation results after 200 loops, whent modulation frequency
of the IM (fim = Ωim/2π = 34 GHz) is three times the modulation frequency of the UMZI
( fUMZI = Ω/2π = 11.33 GHz). The other parameters are set toω0 = 1.216 1015 rad/s,
τ0 = 1.33 10−13 s,∆τ = 1.29 10−15 s,∆τim = 1.29 10−15 s, and∆ω = 23.5 1012 rad/s.
Three series of pulses at three different wavelengths (λg = 1538 nm,λh = 1554 nm and
λi = 1567 nm) are obtained. Two successive pulses are separated by 1/f im and two pulses at
the same wavelengths by 1/fUMZI , as expected. The pulse widths are recorded to be 1.9 ps,
2.5 ps and 1.7 ps, yielding a TBP of 0.57, 0.78 and 0.51. Theory predicts a pulsewidth of
1.49 ps and a TBP of 0.56. We can also observe that two pulses at the same wavelength are
separated by 88 ps, corresponding to 1/fm.
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Table 3: Simulation parameters in the case of time control.
parameter value
g0 30 dB
τ0 1.33 10−13 s
∆τim 1.29 10−13 s
∆τ 1.29 10−15 s
ω0 1.216 1015 rad/s
fim 34 GHz
fUMZI 11.33 GHz
Ω 7.18 1010 rad/s
∆ω 23.5 1012 rad/s
dispersion 0 ps/nm/km
cavity length 20 m
Ae f f 80 10−12 m2
fiber loss 0.2 dB/km
























































Figure 58: Simulation results in the presence of an additional intensity modulator in the (a)
time domain and (b) spectral domain.
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Two successive pulses are separated by 29 ps, i.e. by 1/f im. This behavior matches our
expectations.

























Figure 59: Spectrogram in the presence of an additional intensity modulator.
Based on our simulations, an intensity modulator in the cavity is able to control both
the temporal spacing between two pulses at the same wavelength a d the temporal spacing
between pulses at different wavelengths. It imposes a temporal grid to the laser.
5.1.1.3 Experimental results
Based on the above results, experiments have been undertakento v rify the temporal
control of the multiwavelength laser source. The IM used in our experiments is integrated
on LiNbO3, built using titanium in-diffused technology. The used crystal is in a X-cut,
Y-propagation configuration. The electro-optic bandwidtha -3 dB is 10 GHz and the
insertion losses, without connectors, are about 6.2 dB. The interferometer is in a push-pull
configuration. The half-wave voltage Vπ is equal to 5.6 V for RF electrodes and 6.1 V for
DC electrodes.
Figure 60 shows the experimental results when the modulation frequency of the IM
( fim = 4.837 GHz) is five times the modulation frequency of the UMZI (fUMZI = 967.4
MHZ). The other parameters are set toω0 = 1.216 1015 rad/s, τ0 = 1.33 10−13 s,∆τ = 2












































Figure 60: Time trace (a) and spectrum (b) at the laser outputin the presence of a conven-
tional intensity modulator.
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Two series of pulses at two different wavelengths (λ4 = 1562.3 nm andλ5 = 1563 nm)
are obtained. This confirms the ability to emit laser pulses at closely spaced wavelengths.
The temporal pulses atλ4 andλ5 are separated by 2/f im. The other locations on the temporal
grid are left unoccupied, probably because the two emitted wavelengths capture all the
available gain. The pulse widths are recorded to be 50 and 45 ps, yielding a time-bandwidth
product of 0.56 and 0.48, respectively. Theory predicts pulewidths of 2.8 ps and a TBP of
0.46. We can thus observe the experimental TBPs are close to thheoretical ones, whereas
the experimental pulsewidths are much larger. We attributethis fact to the homogeneous
character of the EDFA that needs a better modeling in the theoretical equations.
The birefringence of the IM combined with the polarizing behavior of the UMZI acts
as a filter that imposes a wavelength spacing of 0.7 nm. One could use this phenomenon to
anchor the emitted wavelengths on the ITU grid.







Figure 61: Improved experimental setup (FMZ: fiber Mach-Zehnder, PC: polarization con-
troller, AOFS: acousto-optic frequency shifter, OC: outputcoupler).
By analogy with the time grid imposed to the laser output, we can impose a wave-
length grid to control the spectral content of the generatedpulses. Diverse methods can be
investigated, such as birefringence [93], dispersion tuning [107], use of four wave mixing
[90], arrayed waveguide gratings [154] or Sagnac loop filters [155]. One could also impose




















































Figure 62: Time trace and spectrum (a) of the laser output andthe corresponding spectro-
gram (b), with theoretical evolution of the maximum of the transfer function of
the UMZI as a function of time (solid line) and experimental dta (points).
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In our case, to control wavelength spacings, a fiber Mach-Zehnd r (FMZ) is inserted in
the initial ring cavity as well as an acousto-frequency shifter (AOFS). The FMZ will play
the role of a periodic filter and the AOFS will prevent gain satur ion by a single wavelength
to allow multiwavelength laser emission at room temperature [75].
In the experiments, the modulation frequency was set to 5.67GHz and the FSR of the
additional periodic filter is∆FMZ = 5.8 nm. The results are shown in Figure 62(a), both
in the time and frequency domains. The spectal content of each pulse is also determined
to prove the alternate multiwavelength operation. Two pulse trains at two different wave-
lengths (λ6=1557.8 nm andλ7=1563.6 nm) are obtained. As expected, even if only two
wavelengths are generated, we note that the wavelengths areseparated by∆FMZ: the emit-
ted wavelength are anchored on the frequency grid imposed tothe ring cavity. This grid
is schematically represented in Figure 62(b) by the horizontal lines. The pulse widths are
recorded to be 20 ps and 28 ps, respectively. The TBP of each pulse is 0.56 and 1.12.
Once again, the chirp is due to the time variation of the center wavelength of the filter.
Figure 62(b) shows the theoretical evolution of the maximumof the transfer function of the
UMZI as a function of time (withτ0 = 1.33 10−13 s,ω0 = 1.216 1015 rad/s,Ω = 3.56 1010




In order to fully control the laser output, both previous types of control can be simul-
taneously operated. The emission is anchored on a time-wavelength map [156, 157, 158].
Figure 63 shows the setup used in this situation: a phase modulat r (PM) is inserted as well
as a comb filter with an AOFS.
To have better control on the timing of the emitted pulses, a conventional phase mod-








Figure 63: Improved experimental setup.
modulation frequency of the UMZI, pulse emission is locked on a temporal grid. In a simi-
lar way, by inserting an additional periodic filter in the cavity, the wavelength spacing of the
possible emitted wavelengths is fixed to an integer multipleof its free spectral range. An
acousto-optic frequency shifter is also introduced in the loop to prevent gain saturation by a
single wavelength and to allow multiwavelength laser emission at room temperature [159].
As a consequence, the laser output is restricted to a time-wav length map. Finally, these
time and frequency locking conditions, along with the condition imposed by Equation 60,
impose three constraints on the emitted pulses in the time-wavelength domain.
5.1.3.2 Simulation results
To validate this concept of time-wavelength mapping, numerical simulations have been
undertaken. For the additional intra-cavity filter, a Fabry-Perot interferometer is consid-
ered. Its spectral transfer function is represented in Figure 64. The thickness of the sub-




1−R = 3.3 and a FSR of 6 nm.
In this simulation, the FSR of the additional intracavity filter is chosen to be∆FSR= 6 nm.
The other parameters of the simulation areτ0 = 1.33 10−13 s, ω0 = 1.216 1015 rad/s,
fm = Ω/2π = 11.33 GHz, and∆τ = 1 10−15 s. The modulation frequency of the PM,fpm,






























Figure 64: Transfer function of the filter used in the simulations.
Table 4: Simulation parameters in the case of time-wavelength mapping.
parameter value
g0 30 dB
τ0 1.33 10−13 s
∆τ 1 10−15 s
fm 11.33 GHz
fpm 33.99 GHz
ω0 1.216 1015 rad/s
∆ω 6 nm
dispersion 0 ps/nm/km
cavity length 20 m
Ae f f 80 10−12 m2
fiber loss 0.2 dB/km
n2 3 10−20 m2/W
γ 1.5 W−1/km
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The dispersion is fixed to be null. Figure 65 shows the numerical esults of the simula-
tion in the time and frequency domains; three pulse trains atthree different wavelengths (λ j
= 1538.4 nm,λk = 1550.2 nm, andλl = 1562.2 nm) are observed. These values correspond
to the maxima of the transfer function represented in Figure64. The spectral content of






































































Figure 65: Simulations of laser output with both time and frequ ncy control.
To prove that the laser output is eff ctively anchored on a time-wavelength grid, Fig-
ure 66 gives the spectrogram of the emission. We thus observethatλ j andλk are separated
by 2*∆FSR in the Fourier domain and by 1/fpm in the time domain, as well asλk andλl. As
a consequence, no shift in time and wavelength spacings can be observed. The time and
spectrum locations of the laser output are thus controlled.
The FWHM pulsewidth is about 2.8 ps in the temporal domain and 163 GHz in the

























Figure 66: Optical wavelength identification for each pulsetrain.
5.1.3.3 Experimental results
In this experiment, a fiber Mach-Zehnder (FMZ), with a free spctral range∆λFMZ=5.8
nm, is inserted to act as an intracavity filter. Figure 67 shows the experimental results
when the modulation frequency of the PM, fpm = 9.4 GHz, is seven times the modulation
frequency of the UMZI, fm = 1.34 GHz. The experimental parameters areτ0=1.33 10−13 s,
∆τ=1.2 10−15 s, andλ0=1550 nm.
Once again, three pulse trains at three different wavelengths are obtained. The emitted
wavelengths areλ4 = 1536.9 nm,λ5 = 1542.7 nm, andλ6 = 1560.1 nm. The pulsewidths
are 39, 44, and 48 ps, yielding a time-bandwidth product of 0.48, 1.1, and 2.23, respectively.
To verify the time and wavelength controls of our setup, we are looking at the spectro-
gram of the laser output. In Figure 68, many comments can be made. First, the PM being
driven at a harmonic of the modulation frequency of the UMZI,a temporal grid is imposed
to the laser. It is represented by the vertical lines on the spectrogram.
In the same way, the intracavity filter formed by the FMZ fixes the wavelengths that can




















































































Figure 68: Spectrogram of the multiwavelength laser with a periodic filter and a phase
modulator.
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Finally, the last constraint is the theoretical temporal variation of the maximum of the
transfer function of the UMZI and is represented by Equation60. It corresponds to the
sinusoidal function on the spectrogram. In this figure are also indicated the experimental
points. We can observe that these points are precisely located on the time-wavelength map
formed by the two grids previously described. Thus, the pulses atλ6 andλ4 are separated
by 4∆λFMZ in the frequency domain and by 2/fpm in the time domain, whereas those atλ4
andλ5 are separated by∆λFMZ and 1/fpm. It is interesting to note that these experimental
points correspond quite well to the theoretical sine curve.N vertheless, the grid use is
not optimal. The unoccupied grid locations arise from residual filtering in the cavity, which
might be eliminated by improved cavity design to yield tailored operation at any wavelength
on the grid.
5.2 Stabilization of the pulsed source
Mode-locked lasers emitting picosecond pulses around the 1550 nm region are potential
signal sources for future high-speed optical communication systems because they are easy
to build and can produce picosecond pulses at high repetition rates. A large number of
designs have been examined, attempting to optimize the operation of the laser to suit the
particular application [46, 160].
Nevertheless, potential use of such lasers is ultimately limited by their performances
in terms of pulse dropout, stability and jitter. Many schemes have been proposed to im-
prove the stability of mode-locked lasers: locking the electrical phase of the output optical
pulse with that of the drive source [161], introducing a mechanism of two-photon absorp-
tion [162], and using regenerative mode-locking by feedback of the harmonic longitudinal
beat signal [163] or additive-pulse mode-locking [164]. By mixing two harmonics of the
fundamental cavity frequency and applying this signal ontoan intensity modulator, Takara
et al. [165] demonstrated an improved stability as well as the generation of shorter pulses.
In this case, pulses were emitted at a repetition rate equal to the lowest of the two mixed
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frequencies. In our proposed scheme, we use multi-harmonicphase modulation (MHPM)
to mode-lock a fiber laser and, in particular, by adjusting the relative amplitudes of the
two mixed frequencies, we show that pulses can be emitted at the highest frequency, thus
providing a high repetition rate operation while simultaneously stabilizing the laser output
in terms of timing jitter and Bit-Error-Rate (BER) performance [166, 167].
5.2.1 Principle
Figure 69 shows the experimental set-up. The laser cavity isbased on an erbium-doped















Figure 69: Experimental set-up (PC: polarization controlle, EDFA: erbium-doped fiber
amplifier, OC: output coupler, PM: phase modulator, D: RF driver).
A fused fiber coupler is used to tap the output signal from the las r. To generate the op-
tical pulses, a phase modulator (PM) is inserted in the cavity to serve as active mode-locker
element. The originality of the scheme is to apply to the PM a radio-frequency signal that
is the weak mixing of two frequencies. The mode-locking condition is achieved for both
frequencies. The first frequencyf0 is the fundamental frequency, equal to the axial mode
separation of the cavity,fax, and the second frequencyf1 = N f0 is a higher harmonic. The
two frequency synthesizers are synchronized, in order to optimize the laser behavior. When
driving the modulator only atf1, harmonic active mode-locking is achieved and thus su-
permodes appear. In anNth harmonic mode-locked laser, an axial mode is locked to those
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that areN axial modes apart on each side. All the modes within the gain bndwidth are
thus grouped intoN sets, called supermodes. Therefore, ifN s the harmonic number of the
modulation frequency,N supermodes coexist in the laser cavity. The energy-shifts among
these groups and the relative phase-slides among them are the main source of amplitude
fluctuations of the emitted pulses. It can lead, in the worst ca e, to sporadic suppressions
of pulses in the train [21, 48, 49]. By combining this frequency with the fundamental fre-
quency in a microwave mixer, the idea is to reduce the supermode c mpetition by coupling
them with each other. The cavity axial modes that form one suprmode are separated byf1,
i.e. byN other cavity modes. In a conventional mode-locking scheme,as the different su-
permodes are independent from each other, they suffer diverse losses and fluctuations. This
leads to a poor stability of the laser output. As shown in Figure 70, if f1 is mixed with the
fundamental frequencyf0, modulation sidebands are created. Asf0 is equal to the spac-
ing between different successive supermodes, the modulation creates a coupling among
supermodes. Thus, all the supermodes will experience and undergo the same variations
in the laser cavity, improving the output stability. In thiscase, not only the mode-locking
condition is achieved for each modulation frequency, but also all the cavity modes and









supermodes 1 and 2
Figure 70: Schematic diagram of the effect of MHPM in the laser in a frequency domain
representation.
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The voltage applied onto the PM is a mixing of two frequencies; it i time-dependent
and equal to:
V(t) = V0 sin(2π f1t)[1 +msin 2π f0t + φ], (133)
with V0 the voltage amplitude,m the modulation depth andφ a constant. If the input field
in the PM isEin(t) = E0 cos(ωt), its output is given by [21]:







whereω is the input optical angular frequency andVπ the half-wave voltage. In reference
[165], pulses are only emitted when the peak positive voltages of the two sines coincide and
so the pulses are emitted at a rate equal to the lowest of the mixed frequencies. In contrast to
this option, in our scheme, the repetition rate is determined by the highest frequency of the
two mixed signals. In order to allow emission at each local voltage maximum, the relative
amplitude of the two mixed frequencies has to be carefully adjusted, and in particular, the
modulation indexmhas to be low, as shown in Figure 71. Indeed, in this case, the energy in
the cavity will concentrate under each extremum of the transfer function, their magnitude
being similar. Otherwise, the energy will be located only atthe global maxima, capturing








Figure 71: Representation of the voltage applied onto the phase modulator and pulses lo-
cation when the modulation depth is high (a) and low (b).
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5.2.2 Experimental results
Initial characterization of the laser performance involved BER measurements. The fun-
damental laser frequency is equal tofax=4.77 MHz, corresponding to a length of the laser
cavity of approximately 41.9 m. We setf1 to 2.52 GHz, corresponding to the 532th har-
monic, andf0 to fax. Control of the value ofm leads to emission of pulses at a repetition





Figure 72: Experimental setup for BER measurement (PC: polarization controller, IM: in-
tensity modulator, ED: error tester).
of conventional mode-locking. Figure 73 shows the time trace nd spectrum of the laser
output when the modulation depthm is equal to 2.5x10−2. One pulse train at a repetition
rate f1=2.52 GHz is observed using a sampling oscilloscope with a 30 GHz photodiode:
two successive pulses are separated by 1/ f1 ≈400 ps. The optical spectrum is obtained via
an optical spectrum analyzer with 0.07 nm resolution. The full-widths at half-maximum
pulsewidths are recorded to be 20 ps. The output of the laser is externally modulated us-
ing a LiNbO3 intensity modulator driven by a pattern generator synchronized with f1. The
length of the pseudo-random sequence is 27-1. This signal is fed back to the BER test unit
for error detection. Figure 74(a) shows the obtained results with two different modulation
depths and these results are compared with those achieved when the mode-locker is only
driven at f1 without mixing. Figure 74(b) and (c) show the radio-frequency spectrum of the
signal applied to the PM for two different modulation depths, respectively equal to 1.4x10−3
and 2.5x10−2. The BER performance increases with the modulation depth. The sensitivity
gain of the MHPM method is 2.94 dB at 10−9 BER. This is an indication that the pulse drop
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Figure 73: Time trace (a) and optical spectrum (b) of laser output.
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Figure 74: BER performance of the laser output (a) and RF spectrum of the signal applied
onto the PM in two cases: case 1 (b) and case 2(c).
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The higher the modulation depth, the more efficient the coupling between supermodes,
and the more stable the laser output is. However, when the valu of the modulation depth is
too high, the coupling is too strong and the repetition rate changes fromf1 to f0, viz., from
the highest to the lowest frequency. A compromise has to be found between the modulation
depth and the repetition rate in order to generate pulses at the high repetition ratef1 while
introducing a sufficient amount of coupling between supermodes. A modulation depth of
2.5x10−2, case 2 in Figure 74, corresponds to this maximum coupling without turning the
repetition rate fromf1 to f0. It is the optimum condition of operation of our experimental
set-up.




























































Figure 75: Timing jitter ratio as a function of the optical power with and without mixed
frequencies (a) and as a function of the modulation frequency f1, f0 being kept
equal to fax (b). Solid lines are linear regression of the experimental data, rep-
resented by the points.
To study the improvement of the stability of such a laser, we also measured the timing
jitter, σT , with and without MHPM. We investigated the timing jitter directly by using the
histogram function of a sampling oscilloscope with a 30 GHz photodiode. Figure 75(a)
shows the evolution of the timing jitter ratio, defined asf1 ∗ σT , versus the optical power
at a modulation frequencyf1 of 2.52 GHz and compares the performances achieved when
two frequencies are combined in the case represented on Figure 74(c) and when no mixing
is made. Figure 75(b) shows the evolution of the timing jitter ratio versus the modulation
117
frequencyf1 with and without mixing betweenf1 and f0. In both cases, mixing of frequen-
cies when driving the PM reduces moderately the timing jitter ratio, leading to a slightly
improved stability of the fiber laser output. The principle of operation has been described
in the case of phase modulation. We expect that the same technique could be applied in the
context of amplitude modulation, since sidebands are also generated in this case.
5.3 Possible investigations
We have presented and synthesized a new and original way of generating alternate mul-
tiwavelength pulse trains via a fiber laser. The results to dae emonstrate two or three
pulse trains at two or three wavelengths. We have also introduce ways of controlling and
stabilizing the source. To be practically used, other problems have to be studied to improve
the design of this laser.
5.3.1 Increase of number of wavelengths and pulse trains
As the UMZI is the key element in the laser setup, a change of its characteristics will
change the output generation. The first idea consists of changing the optical path length
difference between the two arms of the modulator. By increasing this path length difference,
the free spectral range of the filter will decrease, and that would allow many maxima of the
filter to be under the EDFA gain curve. The functionality of the fiber ring laser would be
upgraded by allowing a simultaneous multiwavelength emission. In this case, a pulse could
be at two wavelengths separated form each other by the value of th free spectral range of
the UMZI.
However, in our situation, we focus on an alternate multiwavelength generation. To
do so and to increase the number of emitted wavelengths, a solution could be to improve
the selectivity of the filter. By cascading many UMZIs, a Lyot filter configuration is used
[168]. It would improve the filter finesse, i.e, its ratio FSR over bandwidth. Finally, a
simple solution would also be to use an extra intracavity comb filter with a small FSR, in
order to increase the density of the wavelength grid. Similarly, in the time domain, the
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density of the temporal mapping can be increased by driving the additional modulator at
higher harmonics of the modulation frequency of the UMZI.
In the previous experiments, we presented results for an erbium-doped fiber ring laser.
However, many experiments have also been conducted with semiconductor optical ampli-
fiers (SOA). The SOA-based lasers can be shorter and more compact than the EDFA lasers,
yet have internal fiber coupling loss not present in erbium and often require strong isolation
in the cavity. To compare the influence of the gain medium, we obtained a dual-wavelength
operation in the same conditions, but with a change of the amplifier.
5.3.2 Influence of gain medium
In a first experiment, a gain-flattened EDFA is inserted in thering laser. The modulator
is driven at 1.6 GHz. Figure 76(a) shows the time trace and spectrum of the laser output.
Two pulse trains at two different wavelengths (λ12=1543.8 nm andλ13=1562.6.9 nm) are
observed. The pulse widths are recorded to be 25 ps and 44 ps, res ectively. The TBP of
each pulse is 1.25 and 0.55. The chirp is due to the variation of the center wavelength of the
filter with time. Figure 76 shows the theoretical evolution of the maximum of the transfer
function of the UMZI as a function of time (withτ0 = 1.33 10−13 s,ω0 = 1.216 1015 rad/s,Ω
= 9.17 109 rad/s and∆τ = 1.18 10−15 s as experimental parameters) and the corresponding
experimental data points. The emitted pulses are in agreement with the constraint given by
Equation 59.
Figure 77(a) shows the experimental results when the activegain medium is a SOA.
The modulation frequency is kept equal to 1.6 GHz. Two other pulse trains at two different
wavelengths (λ14=1537.1 nm andλ15=1588.3 nm) can be observed. In this case, the pulse
widths are 50 ps and 59 ps, yielding chirped pulses with a TBP of3.7 and 2.7, respectively.
Figure 77(b) shows the temporal theoretical evolution of the two maxima of the UMZI
covering the SOA gain curve. In this case, the experimental parameters areτ0 = 1.33 10−13
s, Ω = 9.17 109 rad/s and∆τ = 2.2 10−15 s, with ω0 = 1.216 1015 rad/s for the below




















































Figure 76: Time trace and spectrum (a) of the laser output in the presence of an EDFA
and the corresponding spectrogram (b), with theoretical evolution of the maxi-


















































Figure 77: Time trace and spectrum (a) of the laser output in the presence of an SOA and
the corresponding spectrogram (b), with theoretical evolution of the maximum
of the transfer function of the UMZI as a function of time (solid line) and ex-
perimental data (points).
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The corresponding experimental data points are also plotted n the figure. We notice
that the two wavelengths are selected by two distinct lobes of the tunable filter. The ex-
perimental behaviour ofλ15 is in good agreement with the expected theoretical behavior.
However,λ14 is not accounted for by the filter transfer function. This might indicate that,
for this filter position, the overall frequency selection isdominated by the SOA transfer
function.
When comparing the results in both cases, we remark that the sam behavior can be
obtained. The use of a SOA in the ring cavity allows more lobesof the filter selecting the
wavelengths over a wider bandwidth than with an EDFA. Nevertheless, due to the faster
dynamics of the SOA, the pulses are wider than when insertingan EDFA. Consequently, it
seems difficult to increase the number of trains when using a SOA.
5.3.3 Reduction of chirp or pulse duration
The generated pulses exposed in the previous paragraphs were chirped. To be practically
used, these lasers need to produce transform-limited pulses. To do so, we need in particular
to reduce the spectral line-width of the different emitted wavelengths. For instance, we can
investigate the influence of the filter bandwidth on the produced channel.
Ultra-short pulse with a pulsewidth smaller than 1ps is necessary for over 160 Gbit/s
optical signal transmission. We could investigate how to generate this kind of pulse di-
rectly from the fiber ring laser. For pulses shorter than 1ps,we can use optical compression
technique to realize this function. For pulse compression,there are mainly two methods
that are widely used and could be investigated in our scheme to produce ultra-short pulses:
compression by higher-order soliton effect and compression using dispersion. In this case,
many components can be employed, including for instance chirped mirrors, fiber Bragg
gratings or dispersion decreasing fiber (DDF). With these methods, compression factors
greater than 10 can be obtained.
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5.4 Conclusions
In this chapter, we presented some improvements and some possible investigations that
can be made about the alternate multiwavelength laser source. It is possible to control the
laser in time by incorporating an additional conventional modulator in the cavity. Control
in frequency is also feasible by imposing a spectral grid to the laser. To reduce the phenom-
enon of pulse dropout and to increase the stability of the lasr output, a novel technique of
multi-harmonic phase modulation was presented and demonstrated. Different possibilities
of investigations have also been proposed to improve the functionality of the source.
In the next chapter, we will introduce a different type of multiwavelength fiber laser: it
is a continuous wave source, based on semiconductor opticalamplifiers as gain media. In
particular, we will investigate its potential as a light source for WDM-PONs.
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CHAPTER 6
CONTINUOUS-WAVE MULTIWAVELENGTH FIBER LASER
Multiwavelength laser sources have attracted considerablinterest because they can be
inexpensive and easy to build. Since one such laser can replace m ny different laser diodes,
it implies less cost, less maintenance, and less inventory.These sources also have great po-
tential because of their versatile possible applications,such as optical fiber sensors, optical
instrument sensing spectroscopy, or wavelength-division-multiplexed (WDM) systems.
The previous chapters were dedicated to the presentation ofa riginal alternate mul-
tiwavelength pulsed erbium-doped fiber ring laser, based ona new type of mode-locking.
We were able to demonstrate its principle thanks to numerical s mulations and experimen-
tal tests. We were also able to improve the design of the source to gain better control
over it. However, the number of channels is still limited: upto three for the moment. For
this reason, if we want to use this laser in broadband access networks, the number of con-
cerned customers would be small. Therefore, this chapter inroduces a different type of
multiwavelength source that is more suitable for access networks applications.
In this chapter, we present a continuous-wave multiwavelength fiber laser source. This
source is based on semiconductor optical amplifiers (SOA). Compared to erbium-doped
fiber amplifiers (EDFA), SOAs have a dominant property of inhomogeneous broadening.
Thanks to this characteristic, multiwavelength generation is easier and supports more chan-
nels than with EDFAs. As a consequence, more consumers can bereached by a single light
source of this kind. We provide an overview of the SOA-based laser and we use it as
a source in a WDM passive optical network (WDM-PON) context. Wedetail its actual
performances and also possible future investigations to improve them.
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6.1 Presentation of the source
The source we are using in this part is a continuous-wave laser. The setup of the new
laser is simple and easy to build, as shown in Figure 78. An SOAserves as gain medium be-
cause its inhomogeneous broadening allows a lot of closely spaced channels to be emitted
simultaneously. As no optical pulse is generated, no activemode-locker is included in the
ring cavity. To precisely select the desired wavelengths, an interleaver is added to the cav-
ity. This interleaver fixes the spacing between the emitted wavelengths. Thus, by choosing
a 25/50 GHz interleaver, two successive generated wavelengths are eparated by 50 GHz.
To obtain a cost-effective light source for WDM-PON, the multiwavelength SOA-based
fiber ring laser should be able to produce as many wavelengthsas possible to accommodate
a maximum number of customers at the premises.





Figure 78: Continuous-wave multiwavelength SOA-based fiberring laser (PC: polarization
controller, Int: interleaver, SOA: semiconductor opticalamplifier, OC: output
coupler).
perature is 20.5◦C, the center wavelength of the amplified spontaneous emission for the
SOA is located at 1455 nm with a 3-dB bandwidth of 60 nm, a small-signal gain of 22
dB, a saturation output power of 12.7 dBm, a polarization dependent gain of 0.3 dB, and a
noise figure of 5.6 dB at 1528 nm for an input signal power of -25dBm. Using this layout,
more than 40 simultaneous wavelength lasing oscillations with a frequency separation of
50 GHz are observed, as shown in Figure 79 (a) and (b). The spacing of 50 GHz between









































































Figure 79: (a) Laser output spectrum measured after the WDM filter (spectral resolution
of 0.01 nm). (b) Expanded laser spectrum of (a) showing over 40 simultaneous
wavelength lasing oscillations. (c) Selected wavelength.
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With the optical spectrum analyzer resolution of 0.01 nm, the optical signal-to-noise
ratio is measured to be greater than 35 dB for all the different channels. The linewidth of
the generated oscillations is 0.12 nm. Because of this large value, the transmission will
suffer from chromatic dispersion. The state of polarization of light in the laser cavity has
to be carefully adjusted to obtain a flat laser spectrum and also to optimize the number
of emitted wavelengths. In our experiment, the multiwavelength laser output powers have
good flatness even though we can observe a small power variation cross the 42 wave-
lengths. A WDM filter is also used at the laser output to obtain aflat spectrum around the
C band. The total output powers before and after the WDM filter ar 3.4 dBm and -2.2
dBm, respectively. The laser output remains very stable for several hours in laboratory
conditions, as do the different multiwavelength laser output powers. We can notice that
a wider spectrum can be observed for a higher bias current. However, with small current
changes around 200 mA, the performance of the source does notdepend critically on the
bias current. Figure 79(c) represents one selected wavelength from the 42 other ones.
6.2 Downstream transmission for WDM-PON
The growth of the Internet is exponential worldwide. The type of transmitted informa-
tion has changed from voice to multimedia, and the amount of inf rmation is always in-
creasing. The end users are attracted by the numerous and versatile emerging applications,
such as high-definition videoconferencing, video-on-demand, high-definition television, e-
learning, or high-quality audio transmission. To deliver these integrated services effectively
and at affordable prices, providers strive to implement new technologies.
The use of WDM techniques in PONs appears to be a promising candidate to solve the
bottleneck problem of broadband access for business and residential customers. WDM-
PON is an attractive method to deliver high bandwidth servics to the premises. This
technology has the potential for large capacity, easy management, protocol transparency,

















Figure 80: Experimental setup (PC: polarization controller, SOA: semiconductor optical
amplifier, Int: interleaver, TOF: tunable optical filter, EDFA: erbium-doped fiber
amplifier, IM: intensity modulator, OC: output coupler, DSF:dispersion-shifted
fiber).
of such systems have to be reduced. To overcome these economical considerations, several
WDM-PON architectures have been proposed, particularly focusing on the development
of cost-effective WDM sources. To offer services economically, the optical line terminal
(OLT) installed in the central office needs to be able to accommodate as many subscribers
as possible and as efficiently as is feasible.
A straightforward solution consists of using an array of distributed feedback (DFB)
lasers. However, this method is very expensive, especiallywhen increasing the number of
subscribers and wavelengths. To reduce these costs, the useof an optical carrier suppression
and separation technique has been proposed [121]. Even if the number of DFB lasers is
divided by two with this technique, problems of maintenanceand inventory still remain
when the number of customers increases. Recently, different techniques have attracted
a lot of attention: spectrum-slicing using a broadband incoherent light source such as a
light-emitting diode (LED) [84, 169] and amplified spontaneous emission (ASE)-injected
uncooled Fabry-Perot laser diodes [62, 63]. While the first solution suffers from low power
and high packaging costs, the last one still has problems regarding the wavelength locking
under thermal drift of its lasing wavelengths over wide temprature ranges.
Figure 80 illustrates the configuration of the WDM access system considered in our
experiment. In the OLT, the light source is a multiwavelength fiber ring laser. This WDM
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source is composed of an SOA as the gain medium, a 25/50 GHz interleaver, a polariza-
tion controller, and a 50/50 output coupler. Compared to erbium-doped fiber amplifiers,
SOAs have a dominant property of inhomogeneous broadening,which makes the multi-
wavelength generation possible. Because of SOAs broad gain spectrum, a large number of
different wavelengths can oscillate simultaneously [101]. Theinterleaver acts as a comb
filter with a periodic spectral transfer function. Its free spectral range determines the oscil-
lating wavelength spacing.
Before downstream transmission, only one wavelength is selected by a tunable optical
filter. This wavelength is dedicated to a specific customer. This optical channel is amplified
at the output of the bandpass filter before being externally modulated. The polarization is
controlled to achieve maximum efficiency. At the output of the OLT, the signal is transmit-
ted through the fiber. In our experiment, we used 17 km of dispersion-shifted fiber (DSF).
By using this type of fiber instead of single mode fiber (SMF), weimprove the system per-
formance by overcoming the dispersion effect. At the optical network unit (ONU), a PIN
receiver is employed.
A tunable optical filter (TOF) with a bandwidth of 0.25 nm selects one wavelength
(λ1=1538.1 nm) to be amplified by an erbium-doped fiber amplifier and externally mod-
ulated by a LiNbO3 intensity modulator with a 1.25 Gb/s NRZ pseudorandom binary se-
quence (PRBS) of length 231-1. The signal power is -25.6 dBm after the TOF and 12.7
dBm after the EDFA. The measured downstream spectrum is shownin Figure 79(c). The
downstream signal is then transmitted to the ONU through 17 km of DSF to counteract
the effects of dispersion. The dispersion of this fiber is 1 ps/nm/km at 1538 nm. At the
entrance of the feeder fiber, the measured signal power is 2.3dBm. At the access node, a
downstream PIN optical receiver with a 2 GHz bandwidth is used.
Back-to-back and downstream transmission eye diagrams are shown in Figure 81. We
present two situations with two different kinds of feeder fiber. Figure 81(a) and (b) show




Figure 81: Eye diagrams measured for (a) back-to-back (500 ps/div) and (b) downstream
transmission through 20 kms of SMF (500 ps/div) at a bit rate of 622 Mb/s. Eye
diagrams for (c) back-to-back (200 ps/div) and (d) downstream transmission
through 17 kms of DSF (200 ps/div) at a bit rate of 1.25 Gb/s.
km of conventional SMF-28 at a bit rate of 622 Mb/s. In this case, we can notice that the
influence of dispersion is large. Figure 81(c) and (d) also show t e eye patterns obtained in
a back-to-back configuration and when we use 17 km of DSF at a bit r te of 1.25 Gb/s. We
can easily observe the benefits of DSF: it overcomes the dispersion effect and consequently
decreases the distortions. To investigate the system depenncy on the distribution fiber
between the OLT and the ONU in the case of downstream transmission through DSF, we
inserted a variable attenuator before the optical receiver. The measured BER curves are
presented in Figure 82. The curve obtained after transmission through 17 km of DSF
reveals a power penalty of 1.1 dB at a BER of 10−9 when compared with the back-to-back
case.
6.3 Future investigations
Compared to the PONs architectures employing many laser sources at the OLT, the pro-
























Figure 82: Measured bit-error-rate curves.
a simple multiwavelength fiber ring laser. It also implies les maintenance and less inven-
tory. To the best of our knowledge, the use of an SOA-based multiwavelength fiber ring
laser for WDM-PON is shown for the first time. We were able to transmit a 1.25 Gb/s signal
per channel. However, to increase the bit rate or the transmission distance, the generated
channel linewidth appears as a limitation of our system. Indeed, the transmission suffers
from dispersion and so requires the use of DSF in our experiment. Reducing this linewidth
would make it possible to transmit the signal through conventional SMF instead of DSF.
To reduce this linewidth, it seems necessary to investigatein more detail the non-linear
effects in SOAs. Indeed, these non-linearities (especially gain-s turation, intrachannel
FWM, and self-modulation) cause significant distortion and broadening. It has the ef-
fect of shifting the peak power toward longer wavelengths when light travels through this
optical amplifier: a red shift is obtained [170, 171]. To counteract this fact, the study of
the appropriate choice of filter (shape and bandwidth) to be used in the cavity to tailor the
output wavelengths has to be conducted.
Our experimental results show that optimizing the cavity losses can result in a broader,
more uniform spectrum. To improve the spectral flatness, a gain-equalizing filter can be
added in the cavity. To further simplify the setup of the multiwavelength source, a single
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uncoated SOA can be used to simultaneously provide both gainmedium and comb filtering
in the ring cavity [101].
This multiwavelength fiber ring laser could also be used as a centralized light source
at the OLT for a low-cost implementation of a bidirectional WDM-PON. In this case, a
solution can be to dedicate two specific wavelengths for eachONU. One wavelength will be
modulated at the OLT for downstream transmission, whereas the other one will be delivered
and modulated at the receiver side to provide upstream transmission [121]. It will thus
lessen the wavelength management required at the ONU side.
A possible architecture consists of developing and integraing a new type of multiwave-
length source into a WDM-PON to serve as one centralized source at the OLT to provide
two kinds of services at the customer side, i.e., at the ONU. In the scheme represented in
Figure 83, the future multiwavelength source will have two functionalities. The first one
would be to provide basic "always on" downstream services. For each subscriber, a ded-
icated wavelength would be employed to send a downstream signal at 2.5 Gb/s and to be
reused for an upstream signal at 100 Mb/s. A second functionality would be to allocate
at anytime an extra dedicated "on-demand" wavelength for a customer requiring large up-
stream bandwidth on-demand to upgrade his services on the fly. In this situation, using
the basic service with the 100 Mb/s upstream signal, a client could inform the OLT at any-
time that he needs more upstream bandwidth to transmit more information in a short time.
Then, upon receiving the request, the OLT could allocate an additional "on-demand" wave-
length to the customer. This wavelength would be sent to the ONU to be used for upstream
transmission at 2.5 Gb/s by this customer who has a need to upgrade his services.
The upgradability and scalability of the access networks are thus improved from a
customer point of view. It would be a very marketable application of these new multi-
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Figure 83: Proposed WDM-PON architecture with a new agile multiwavelength source
(AWG: arrayed-waveguide grating).
low-cost source capable of providing this new type of flexible andwidth service. Further-
more, this would be a new PON design featuring centralized multiwavelength light source
generation. It would also dynamically generate alternate wavelengths based on bandwidth
on-demand and selective wavelength allocation. This agileWDM-PON architecture leads
to a higher level of capacity and resource utilization efficiency. We also focus on the use
of one single fiber for both upstream and downstream transmission to reduce the size and
the complexity of the ONU.
6.4 Conclusions
We have proposed and experimentally investigated the use ofan SOA-based multiwave-
length fiber ring laser as a light source for a WDM-PON. This configuration has gener-
ated more than 40 wavelengths with 50-GHz spacing. In the proposed network, we have
demonstrated error-free downstream transmission over 17 km of DSF at a bit rate of 1.25
Gb/s per channel and the power penalty at a BER of 10−9 is 1.1 dB. The high simplicity
and cost-efficiency of this type of source make it suitable for applications in access net-
works. However, to increase the bit rate of transmission, the linewidth of the generated




In the telecommunications market, companies and research groups always try to find
and develop new cost-eff ctive solutions to offer high-speed, reliable, secure, and scalable
networks. Optical communication traffic for Internet services is expected to double every
9 months, the volume to reach petabit/sec throughput, and the access bandwidth for each
user to grow from 100 Mb/s to 2.5 gigabit/sec in the near future. To unlock the avail-
able fiber capacity and to increase performances of actual networks, wavelength division
multiplexing techniques have been investigated. There hasbeen an intense dedication to
the creation of new laser sources for such applications. In this context, multiwavelength
fiber ring lasers present many advantages: simple structure, low-cost, and multiwavelength
operation. Instead of using many different laser diodes, one simple and agile laser could
replace them all. It implies more functions, less cost, lessmaintenance, and less inventory.
In this work, we focused on two different types of multiwavelength sources: an alter-
nate multiwavelength picosecond pulsed EDFA-based laser and a continuous SOA-based
source. In both cases, the chosen architecture was a fiber ring cavity.
In that framework, the first study focused on the conception and the design of a fiber
laser emitting alternate multiwavelength pulse trains. The objective was to produce pi-
cosecond pulses in the 1550 nm region at GHz repetition rates. For such a source, two
basic operations had to be implemented. First and foremost,pulses had to be generated:
active mode-locking was used. Then, different wavelengths needed to be selected: tunable
filtering was the chosen method. The originality of the source was to use only one key sin-
gle device to implement both operations. It is an unbalancedMach-Zehnder interferometer,
inserted in an erbium-doped fiber laser. This laser could finda wide range of applications:
for instance optical fiber sensors, optical instrument testing, spectroscopy, bi-dimensional
optical CDMA codes, or photonic analog-to-digital conversion.
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A theoretical study was made by using a circulating Gaussianpulse analysis. It was
possible to predict the temporal and spectral pulsewidths of the generated laser output. We
were also able to theoretically predict the evolution of thepossible emitted wavelength as
a function of time. This theoretical study was backed by numerical simulations, based on
the split-step Fourier method. Light propagation through all the components of the ring
cavity were modeled. The simulations qualitatively validated the functionality of the laser
and provided guidelines to order the customized modulator.
Experimental results finally demonstrated the feasibilityof this light source. Three 20
ps pulse trains were produced at three different wavelengths. The main problems of this
source are its lack of control, handiness, and stability. For all these reasons, we also focused
on the different improvements that can be made to this light source. By inserti g a periodic
filter and a conventional modulator in the cavity, a time-wavelength mapping is imposed
on the laser output. We therefore control the wavelength andtime spacings of the emitted
pulses. To improve the stability of the laser, we developed anovel multi-harmonic phase
modulation technique: it consists of mixing two harmonics of the fundamental frequency
and driving a modulator with this signal. We also proposed many ways to improve the
performances of this laser: increase of the number of wavelengths and pulse trains and
reduction of the chirp or of the pulse duration.
The second source we studied is a continuous wave SOA-based fiber laser. We were
able to produce over 40 wavelengths with 50-GHz spacing. Thespacing was imposed by
the periodic filter inserted in the cavity. This laser was investigated as a possible source
for WDM passive optical network. In the architecture we proposed, we have demonstrated
error-free downstream transmission over 17 km of DSF at a bitrate of 1.25 Gb/s per chan-
nel. The power penalty at a BER of 10−9 was 1.1 dB. This source presents two main advan-
tages for applications in access networks: high simplicityand cost-efficiency. Moreover,
when we lock one wavelength of the laser, all the other wavelengths are locked, contrary to
a laser array where all individual sources have to be controlled separately.
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The linewidth of the generated wavelengths was large, around 0.12 nm. To increase
the bit rate or the transmission distance, this linewidth has to be decreased to reduce the
effects of dispersion. To do so, it seems interesting to investigate the non-linear effects
of the SOA in the ring cavity. By limiting the impact of dispersion in the fiber, SOA-
based multiwavelength laser sources seems promising for future optical access networks.
In the future, it will also be interesting to use this laser asa centralized light source at the
central office for a low-cost implementation of a bidirectional WDM-PON.This might be
a solution to relax the wavelength management required at the customer side. To further
simplify and improve the set-up of the multiwavelength source, a single uncoated SOA can
be used to simultaneously provide both gain medium and comb filtering in the ring cavity.
As a final conclusion, the proposed research crosses the boundary of two very large
fields, namely, laser theory and optical Internet. There is acle r need to bring laser optics
to the broadband access network for the integration of signal eneration and networking,
which provides a path towards gigabit Internet access systems. The integration of optics
and photonics in optical Internet can have a broad impact in anumber of areas in advanced
science and engineering including petabit data transfer, dist ibuted computing, interactive
multi-media, and symmetric data applications. This work isa first step towards the integra-
tion of agile multiwavelength laser sources in future optical access networks.
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